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Abstract
A qualitative mineral resource assessment of sediment-

hosted stratabound copper mineralized areas for undiscovered 
copper deposits was performed for 10 selected areas of the 
world. The areas, in alphabetical order, are (1) Belt-Purcell 
Basin, United States and Canada; (2) Benguela and Cuanza 
Basins, Angola; (3) Chuxiong Basin, China; (4) Dongchuan 
Group rocks, China; (5) Egypt–Israel–Jordan Rift, Egypt, 
Israel, and Jordan; (6) Maritimes Basin, Canada; (7) Neuquén 
Basin, Argentina; (8) Northwest Botswana Rift, Botswana and 
Namibia; (9) Redstone Copperbelt, Canada; and (10) Salta 
Rift System, Argentina. This assessment (1) outlines the main 
characteristics of the areas, (2) classifies known deposits by 
deposit model subtypes, and (3) ranks the areas according to 
their potential to contain undiscovered copper deposits.

An analytic hierarchy process (AHP) was used to rank 
assessment areas according to their potential for undiscovered 

Qualitative Assessment of Selected Areas of the World 
for Undiscovered Sediment-Hosted Stratabound Copper 
Deposits

By Michael L. Zientek1, Niki E. Wintzer1, Timothy S. Hayes2, Heather L. Parks1, Deborah A. Briggs1, J. Douglas 
Causey1, Shyla A. Hatch3, M. Christopher Jenkins3, and David J. Williams3

1U.S. Geological Survey, Spokane, Washington, United States.

2U.S. Geological Survey, Tucson, Arizona, United States.

3Eastern Washington University, Cheney, Washington, United States.

copper deposits. Once the main characteristics of each area 
were compiled (age of host rock, geologic setting, stratigra-
phy, host lithology, deposit subtype(s), known deposits and 
occurrences, and mineral system components), three criteria 
(mineralization, extent of study area, and lithostratigraphic 
framework, each with multiple subcriteria) were scored for all 
assessment areas. Relative weights and scores were assigned 
to all criteria by three geologists. In addition, the assessment 
areas were ranked for comparison exclusively on the basis of 
professional opinion. The AHP and professional opinion lists 
are similar but not the same. Both the professional opinion and 
the cumulative AHP lists rate the Northwest Botswana Rift in 
Botswana and Namibia as the area most likely to contain the 
most undiscovered copper deposits. The Salta Rift System in 
Argentina is rated lowest among the 10 qualitatively assessed 
areas. 
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Introduction
A qualitative mineral resource assessment of undiscov-

ered deposits that could be associated with sediment-hosted 
stratabound copper mineralization was undertaken as part of 
a U.S. Geological Survey (USGS) global mineral resource 
assessment. The study resulted in (1) permissive tracts for 
undiscovered sediment-hosted stratabound copper deposits for 
10 areas, (2) a database of known sediment-hosted stratabound 
copper deposits and occurrences, and (3) a ranked list of the 
10 permissive tracts according to their potential to contain 
undiscovered copper deposits.

During the USGS global mineral assessment study, the 
areas for quantitative study were prioritized. In addition, a 
method was developed to provide a qualitative expression 
of value for areas that have insufficient information for a 
complete quantitative assessment. The method needed to be 
science based, unbiased, robust, and transparent (Harris, 1984; 
Sinclair and Blackwell, 2002; Charpentier and Klett, 2005; 
Singer and Menzie, 2010). Methods are science based if evalu-
ation criteria are based on the concept that mineral-deposit 
types are the product of processes that take place in larger 
mineral systems. Bias can be minimized if the methodology 
incorporates an operating policy and documented procedures 
that allow consistent application of the technique. A robust 
method tends to produce correct predictions or estimates 
regardless of flaws in the data (Charpentier and Klett, 2005). 
Finally, transparency implies that the principles and process of 
the assessment method are defensible and documented.

In this study, a decision support tool, the analytic hierar-
chy process (AHP), was applied to consistently rank areas for 
their potential to contain undiscovered sediment-hosted strat-
abound copper deposits. The AHP is a structured technique to 
analyze complex decisions (Saaty, 1980; Meyer and Booker, 
2001; Saaty and Vargas, 2010, 2012). The decision process 
is organized into a hierarchy of pairwise choices that can be 
evaluated qualitatively (for example, better, worse, or equal) 
as well as quantitatively by numerical scores or values. The 
pairwise comparisons made by professionals are converted 
into relative numerical weights using matrix algebra for all the 

alternatives being considered. The technique also advises the 
assessors if pairwise comparisons are inconsistent.

About 30 sedimentary basins worldwide are known to 
contain sediment-hosted stratabound copper deposits (locali-
ties with reported tonnage and grade) (Zientek, Hayes, and 
Taylor, 2013). Almost 90 percent of the known contained 
resources were found in four areas that were quantitatively 
assessed for the USGS global assessment study: the Katanga 
Basin, Democratic Republic of the Congo and Zambia  
(Zientek, Bliss, and others, 2014); the Southern Perm-
ian Basin, northern Europe (Zientek and others, 2015); the 
Chu-Sarysu Basin, Kazakhstan (Box and others, 2012); and 
the Kodar-Udokan area, Russia (Zientek, Chechetkin, and 
others, 2014). Quantitative assessments for this deposit type 
have recently been published for Afghanistan and Greenland 
(Ludington and others, 2007; Peters and others, 2007; Stens-
gaard and others, 2011) and for the Teniz Basin, Kazakhstan 
(Cossette and others, 2014). Of the remaining basins, 10 were 
selected for qualitative assessment: the Belt-Purcell Basin, 
United States and Canada; a basin with Cambrian rocks in 
Egypt, Israel, and Jordan; the Chuxiong Basin, China; the 
Benguela and Cuanza Basins, Angola; the basin that contains 
the Dongchuan Group rocks, China; the Northwest Botswana 
Rift (which includes the Kalahari Copperbelt), Botswana and 
Namibia; the Maritimes Basin, Canada; the Neuquén Basin, 
Argentina; Neoproterozoic rocks that host the Redstone Cop-
perbelt, Canada; and the Salta Rift System, Argentina (fig. 
1-1). Study areas were selected so there would be a range of 
data quality and availability, exposure, level of exploration, 
and known deposits and occurrences.

This chapter describes the deposit type, data sources, 
methods, and results of the assessment. Chapter 2 is a sum-
mary of the available information that was used to qualita-
tively rank the tracts. For each study area, the tectonic setting 
and stratigraphy are described, and a map, stratigraphic 
column, cross section, and compilation of known deposits and 
occurrences are provided. Spatial data for permissive tract 
polygons and deposit and prospect point locations are included 
in geographic information system (GIS) files that accompany 
this report (appendix A).

Chapter 1.  Qualitative Assessment of Sediment-Hosted Stratabound Copper 
Permissive Tracts

By Michael L. Zientek1, Timothy S. Hayes2, Niki E. Wintzer1, and Heather L. Parks1

1U.S. Geological Survey, Spokane, Washington, United States.

2U.S. Geological Survey, Tucson, Arizona, United States.
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Deposit Type Assessed
Sediment-hosted stratabound copper deposits consist of 

fine-grained, copper-sulfide and copper-iron-sulfide minerals 
that form stratabound to stratiform disseminations in sedimen-
tary rocks (Cox and others, 2003; Hitzman and others, 2005; 
Zientek, Hayes, and Hammarstrom, 2013). Ore minerals, such 
as chalcocite and bornite, occur as cements and replacements 
in the matrix of sedimentary rocks and, less commonly, as 
veinlets. The concentration of sulfide minerals is broadly con-
formable with stratification in the host rocks. In more detail, 
deposits are characterized by systematic changes (zonation) 
in ore mineralogy along and across bedding from pyrite to 
chalcopyrite to bornite to chalcocite to hematite.

Subtypes of sediment-hosted stratabound copper deposits 
are distinguished by host lithology and the nature of organic 
material in the sedimentary rocks (Zientek, Hayes, and Ham-
marstrom, 2013; Zientek, Hayes, and Taylor, 2013). In some 
literature two types of sediment-hosted stratabound copper 
deposits are distinguished on the basis of the rocks hosting the 
deposits: (1) sandstones (Dzhezkazgan deposits of Bogdanov 
and others, 1973; continental red-bed deposits of Kirkham, 
1989, and Kirkham and others, 1994; and red-bed deposits of 
Hitzman and others, 2005); and (2) shales and marls (copper 
shale deposits of Bogdanov and others, 1973; paralic marine 
deposits of Kirkham, 1989 and Kirkham and others, 1994; 
reduced-facies deposits of Cox and others, 2003; Kupfer-
schiefer deposits of Hitzman and others, 2005; and reduced-
facies [nonbrecciated] deposits, this study). The sandstone-
hosted deposits have been divided still further into two 
additional types based on the nature of the organic material 
that localizes ore minerals in the rock: (1) patchy concentra-
tions of plant remains (the Uralian deposits of Bogdanov and 
others, 1973; red-bed deposits of Lindsey and Cox, 2003); and 
(2) a diffusely distributed reductant, probably a mobile hydro-
carbon (Revett deposits of Cox and others, 2003; sandstone 
copper, this study).

Two deposit subtypes were considered for this assess-
ment: reduced facies [nonbrecciated] (shortened to reduced 
facies for this report) and sandstone (Zientek, Hayes, and 
Hammarstrom, 2013). Host rocks for the reduced-facies 
subtype include black shale, dark gray to black siltstone, 
dark gray dolosiltstone, gray shale, and locally green shale 
or siltstone, all of which contain varying amounts of solid 
organic material. Well-sorted sandstones from a variety of 
deltaic topset depositional environments are the host rocks for 
sandstone-type copper deposits. Petroleum-bearing fluid inclu-
sions and solid amorphous hydrocarbons, which stain authi-
genic minerals and locally form meniscus cements, indicate 
that the mineralized strata once contained liquid or gaseous 
hydrocarbon accumulations. For other sandstone-copper 
deposits, the hydrocarbons could have been sour gas (natu-
ral gas containing substantial amounts of hydrogen sulfide) 
(Hayes and others, 2012). Lateral dimensions of deposits are 
large relative to deposit thickness, and deposit morphology 
varies by deposit type (Zientek, Hayes, and Hammarstrom, 

2013). Reduced-facies deposits have sheet-like geometry with 
lateral dimensions hundreds to thousands of times greater than 
thicknesses. For example, strike lengths may be 3,000 to 5,000 
meters (m) and widths from 500 to 2,000 m, whereas ore body 
thicknesses range from less than a meter to 50 m. Sandstone-
copper deposits are tabular to lens-like; lateral dimensions are 
from 20 to 100 times their thicknesses. Vertically stacked or 
clustered sandstone ore bodies are a characteristic feature of 
large sandstone-type deposits like Udokan, Russia (Volodin 
and others, 1994), Dzhezkazgan, Kazakhstan (Box and others, 
2013), and Rock Creek-Montanore, Montana (Balla, 2003).

Grade and tonnage models for subtypes of sediment-
hosted stratabound copper were compiled by Zientek, Hayes, 
and Taylor (2013). Their data indicate that for reduced-facies-
type deposits, median and mean values (1) for ore tonnage 
are 10 and 42 million metric tons and (2) for copper grades 
are 2.9 and 3.3 percent, respectively. The median and mean 
contained-copper values for reduced-facies-type deposits are 
0.46 and 3.5 million metric tons, respectively. For sandstone-
type deposits, median and mean values for (1) ore tonnage are 
10 and 77 million metric tons and (2) copper grades are 1.2 
and 1.4 percent, respectively. The median and mean contained-
copper values for sandstone-type deposits are 0.12 and 1.0 
million metric tons, respectively.

Deposits of the red-bed-copper type of Lindsey and 
Cox (2003) are interesting because the deposits indicate the 
presence of copper-bearing fluids in sedimentary basins, yet 
their contribution to global mineral endowment is negligible. 
These deposits are commonly found as mineral occurrences, 
but tonnage and grade have been formally reported for only a 
few sites. Only 3 of the 20 deposits in the model developed by 
Lindsey and Cox (2003) contain more than 50,000 metric tons 
contained copper (a “significant” copper deposit as defined by 
Singer, 1995). Therefore, red-bed-copper-type mineralization 
was not included in undiscovered copper that may be present.

Mineral System for the Deposit Type
Sediment-hosted stratabound copper deposits are associ-

ated with evaporite minerals and continental red beds that 
formed in an arid climate. The host rock sedimentary deposi-
tional environments include aeolian dunes, sabkhas, playas, 
and sand sheets, together with minor alluvial fans, ephem-
eral rivers, and inland lakes (Davidson, 1965; Rose, 1976; 
Kirkham, 1989). Red beds and evaporite minerals typically 
form within 20 to 30 degrees of the equator in continental 
areas, (Kirkham, 1989) and red beds associated with strat-
abound sediment-hosted copper deposits are found in rift, 
transtensional, and intermontane basins. In this study, red beds 
were also found as molasse deposits in back-arc basins and 
foredeeps.

Sediment-hosted stratabound copper deposits formed 
from late diagenetic fluids generated during the compaction 
and lithification of sedimentary basins containing successions 
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of red beds and evaporite minerals (fig. 1-2). The metal-bear-
ing fluids are thought to have been low temperature, hematite-
stable (oxidized), sulfate- and chloride-rich, and subsurface 
sedimentary brines. The primary causes of base-metal sulfide 
precipitation are reduction of sulfate in the metal-bearing brine 
by organic material or mixing of the metal-bearing brine with 
hydrogen sulfide-bearing natural gas (Hitzman and others, 
2005; Hayes and others, 2012).

Theories of regional ore genesis can be translated into 
criteria that are used in mineral resource assessment and 
exploration targeting studies using the concept of a min-
eral system (Wyborn and others, 1994; Knox-Robinson and 
Wyborn, 1997; Cox and others, 2003; Hronsky, 2004; Hitzman 
and others, 2005; Barnicoat, 2006; Hronsky and Groves, 
2008; Blewett and others, 2010). For example, hydrothermal 
ore deposits can be understood by considering the source and 
physical and chemical character of the ore-forming fluid, , the 
mechanisms for dissolving and transporting ore-forming com-
ponents, and the causes of precipitation (Skinner and Barton, 
1973). Locations with appropriate combinations of structural, 
chemical, and physical conditions that prompt ore-mineral-
precipitation reactions are called ore traps (Reed, 1997). Varia-
tions of the source-transport-trap paradigm are used to define 
both petroleum and hydrothermal mineral systems models 
(Magoon and Dow, 1994; Wyborn and others, 1994; Magoon 
and Schmoker, 2000).

The formation of sediment-hosted stratabound copper 
deposits requires a source of metals, a fluid that extracts and 
moves metals away from the source rocks, a pathway that 
allows the movement of these ore-bearing fluids, and a physi-
cal and redox chemical trap that fixes metals in an ore body 
(Taylor, 2000; Hitzman and others, 2005; Hayes and others, 
2015). The timing of the processes that control fluid genera-
tion, migration, and reaction to precipitate ore is critical; if a 
single element or process is missing or occurs out of order, the 
copper deposits cannot form (Magoon and Dow, 1994; Kreu-
zer and others, 2008; McCuaig and others, 2010).

Essential mineral system components for assessing 
sediment-hosted stratabound copper deposits include (1) 
permeable red-bed rocks juxtaposed against strata that contain 
reductants (typically organic material and early diagenetic 
pyrite, or for sandstone-hosted deposits, natural gas or petro-
leum); (2) basin history that indicates that the rocks underwent 
burial diagenesis (at depths of 1 to 5 kilometers (km) and 
temperatures ranging from 70 to 220 degrees Celsius (°C)); 
and (3) subsurface aqueous fluids that are enriched in copper. 
The lithostratigraphic relations in the first component are used 
to delineate areas where reduced-facies-type or sandstone-
type copper deposits could occur. The second component is 
necessary because sediment-hosted copper ore fluids will 
not develop unless the sediments undergo burial diagenesis. 
The third component is vital in that only oxidized brines can 

Figure 1-2.  Schematic section of a 
sedimentary basin showing the mineral 
system components required to form 
sediment-hosted copper deposits. 
Modified from Hitzman and others (2010).
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carry substantial quantities of copper in solution. Rocks with 
the appropriate lithostratigraphic relations can undergo burial 
diagenesis without developing subsurface fluids enriched in 
copper. Thus, the presence of copper deposits and occurrences 
can be used as evidence for the presence of copper-bearing ore 
fluids.

Data Collected
The areas were assessed by using information readily 

available in the public domain. Stratigraphic columns and 
cross sections were used to identify lithostratigraphic relations 
that are characteristic of permissive rock units. Geologic maps 
used to construct the permissive tracts ranged in scale from 
1:50,000 to 1:2,500,000, but most did not have structural data 
such as strike and dip of the beds. Data on sediment-hosted 
stratabound copper deposits and occurrences and copper sites 
came from mineral occurrence databases, metallogenic maps, 
journal articles, and company reports. Mineral system compo-
nents for each assessment area are described in chapter 2 and 
summarized in table 1-1.

The deposit and mineral system models indicate that oil 
and gas well data, seismic data, facies maps, isopach maps, 
structure contour maps, basin burial curves, and petrogenetic 
studies of diagenetic and (or) alteration minerals would be 
useful for the assessment. This information, however, was not 
available for this study.

Permissive Tract Delineation
For this assessment, geographic areas were defined where 

undiscovered mineral resources could be present. These areas, 
or “permissive tracts,” represent either the surface projection 
down to a specified depth or the areal extent of rocks where 
undiscovered mineral resources could be present. The criteria 
used to select the permissive volume of rock (herein referred 
to as assessment unit) are defined by the deposit type and its 
associated mineral system.

For sediment-hosted stratabound copper mineralization, 
lithostratigraphic relations and the presence of mineral depos-
its and occurrences are used to identify permissive geologic 
units. The permissive units project into the subsurface, form-
ing a volume of rock that may contain sediment-hosted strat-
abound copper deposits if the necessary geologic, chemical, 
and tectonic processes took place. For areas where sufficient 
geologic data are available, permissive rock units are projected 
to a depth of about 2 km below the surface. For areas without 
sufficient geologic data, the permissive tract is defined using a 
buffered extent of the mapped geologic units.

The Belt-Purcell Basin and the Cambrian rocks of the 
Egypt–Israel–Jordan Rift permissive tracts were delineated 
to a projected subsurface depth of 2.4 and 2 km, respectively. 
The other eight tracts were delineated using the surface extent 

of mapped permissive rock units (table 1-2). This method of 
delineation was performed using a multistep tool (prototract 
tool) created by the USGS using ArcGIS ModelBuilder. The 
tool incorporates standard tools available in the ArcGIS 10.1 
Arc Toolbox. All parameter settings in the processes were 
empirically determined by delineation trials where computer-
generated tracts were compared to manually generated tracts. 
The tool comprises four primary steps: 

1.	Combining all permissive units digitized from paper 
copies of geologic maps or ones sourced from digital 
geologic maps, as well as combining other polygon 
features that are necessary to the framework of the 
tract.

2.	Aggregating the polygons that were located within 20 
km of each other and filling in holes less than 2,000 
square kilometers (km2).

3.	Simplifying the aggregated polygons using a bend-
simplify algorithm with a tolerance of 5 km.

4.	Line smoothing the simplified polygons using a Bezier 
interpolation algorithm with a tolerance of 20 km.

After the tool was run, each tract was visually inspected, 
an additional smoothing or aggregation tool was run if 
needed, and in some cases minor manual edits were done to 
cover areas of permissive units that were missed by the tool. 
Permissive tracts for each study area as well as the locations 
of deposits and occurrences are shown in figures 1-3–1-12. 
Each permissive tract is assigned a unique identifier coded by 
United Nations region3, deposit type4, and a 4-digit identifica-
tion number.

Qualitative Assessment of the Areas
After data were compiled, two authors of this report, 

both economic geologists, qualitatively ranked the study areas 
according to the relative amount of undiscovered resource that 
may be present, where 1 represents the largest and 10 repre-
sents the smallest expected undiscovered copper resources 
(table 1-3). Their ranked lists are similar in that the same three 
areas are ranked high and the same three are ranked low. The 
process is useful because it is time efficient, as it relied on 
experience, intuition, and insight. To anyone else, however, the 
valuation process is opaque. Therefore, an expert-judgment-
based method was sought to provide a similar outcome that 
would be more objective, transparent, reproducible, and defen-
sible than the experience-driven-decision-making process used 
by the economic geologists.

The AHP was selected because it provides a consistent, 
quantifiable approach to problems involving a number of 

3United Nation region codes: 002, Africa; 003, North America; 005, South 
America; 142, Asia (http://unstats.un.org/unsd/methods/m49/m49regin.htm).

4rfCu, reduced-facies copper; shCu, sediment-hosted copper, multiple 
subtypes; ssCu, sandstone copper.

http://unstats.un.org/unsd/methods/m49/m49regin.htm
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criteria or attributes (Coulter and others, 2006). In the geo-
sciences, AHP has been used to weight spatial data in GIS 
models for assessing mineral resource potential (Hosseinali 
and Aleshiekh, 2008; Noori and others, 2011; Pazand and oth-
ers, 2011) and landslide hazards (Komac, 2006; Yalcin, 2008; 
Moradi and others, 2012; Bhatt and others, 2013; Daneshvar, 
2014).

The AHP is a theory of measurement used to derive 
relative priorities on absolute scales from paired comparisons 
in multilevel hierarchic structures (Saaty, 1980; Malczewski, 
1999; Coulter and others, 2006; Saaty and Vargas, 2010, 
2012). The AHP involves (1) deconstructing the decision into 
a hierarchy of components that can be evaluated with pair-
wise comparisons, (2) creating sets of comparison matrices 
by evaluating the pairwise comparisons in the hierarchy, (3) 
calculating priorities from the comparison matrices for each 
element in the hierarchy, and (4) constructing a composite set 
of priorities for the alternatives being considered. In this study, 
the goal is to determine which of the 10 areas (the alternatives) 
have the greatest potential for undiscovered copper. Thus, 
this mineral resource assessment was deconstructed into a 
hierarchy (fig. 1-13) of pairwise comparisons that capture the 
necessary elements of the geologic environment (Saaty, 1980; 
Malczewski, 1999).

The top level of the hierarchy is ranking of tracts accord-
ing to their potential for undiscovered sediment-hosted copper 
deposits, which is the goal of the decision making process 
(fig. 1-13). The hierarchy then descends through specific 
criteria, until a set of alternatives is reached. In this study, the 
alternatives are the 10 permissive areas. The criteria within 
the hierarchical structure are evaluated using pairwise com-
parisons, which reduce the conceptual complexity of decision 
making because only two components are considered at any 
given time. Paired comparisons can be made by (1) rating 
items relative to each other in a qualitative evaluation or (2) 
using numerical scales (Meyer and Brooker, 2001). The result 
is a set of pairwise comparison matrices. For each pairwise 
comparison matrix, the eigenvalue is used to obtain a prior-
ity weight vector (Saaty, 1980). In addition to the eigenvalue 
and the eigenvector, consistency tests are also computed 
(Saaty, 1990). A sequence of multiplications of the matrices 
of relative weights at each level of the hierarchy of criteria 
is used to calculate overall scores for each alternative (called 
alternative utility in this report). Alternatives can be ranked by 
their importance in contributing to the goal of the analysis by 
simply sorting alternatives on the basis of their overall score. 
The alternatives with higher scores receive a higher overall 

Tract Permissive geologic units Delineation method Approximate depth

Northwest Botswana Rift Ghanzi and Nosib Groups as shown on 1:1M geologic 
map of Namibia and the 1:2.5M sub-Kalahari map

Prototract tool NA

Benguela and Cuanza 
Basins

Pre-Aptian, Aptian, and Albian-Aptian rocks (units K1 
through K4) as shown on 1:1M map of Angola

Prototract tool NA

Egypt–Israel–Jordan Rift Facies transition between marine and near-shore facies 
of the Cambrian Nasib, Timna, and Burj Formations

Geologic analysis pro-
jected to depth of 2 km 

Up to 2 km

Dongchuan Group rocks Dongchuan Group Rocks as shown on 1:1M provincial 
geologic maps of China

Prototract tool NA

Redstone Copperbelt Rocks of the Twitya Formation, Rapitan, Coates Lake, 
and Little Dal Groups as shown on maps ranging 
from 1:50,000 to 1:250,000

Prototract tool NA

Belt-Purcell Basin Presence of indicative alteration minerals, and proxim-
ity to known stratabound copper-silver deposits or 
occurrences in the Revett Formation (on 1:250,000- 
or larger-scale maps)

Geologic analysis pro-
jected to depth of 2.4 km

Up to 2.4 km

Chuxiong Basin Cretaceous Gaofengsi, Puchenghe, Matoushan, and 
Xiaoba Formations in south central China as shown 
on 1:1M provincial geologic maps of China

Prototract tool NA

Neuquén Basin Jurassic and Cretaceous sedimentary rocks of the Neu-
quén Basin as shown on 1:2.5M geologic maps

Prototract tool NA

Maritimes Basin Sedimentary rocks of the Carboniferous Windsor, Ma-
bou, Cumberland, and Pictou Groups as shown on 
provincial Canadian maps ranging from 1:500,000 
to 1:1M

Prototract tool NA

Salta Rift System Salta Group as shown on 1:2.5M geologic map Prototract tool NA

Table 1-2.  Geologic units and methods used for permissive tract delineation.

[M, million; km, kilometer; NA, not applicable]
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Figure 1-3.  Map showing the sediment-hosted copper permissive tract, deposits, and occurrences of the Northwest Botswana Rift, 
Botswana and Namibia (002rfCu2002).
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Cuanza Basins, Angola (002rfCu2000).
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Figure 1-5.  Map showing the sediment-hosted copper permissive tract, deposits, and occurrences of the Egypt–Israel–Jordan Rift, 
Egypt, Israel, and Jordan (002rfCu2001).



Chapter 1.  Qualitative Assessment of Sediment-Hosted Stratabound Copper Permissive Tracts    15

CANADA

JayJay

Coates LakeCoates Lake

June CreekJune Creek

Mackenzie
MacKenzie River

126° W129° W

64° N

62° N

Area of map

CANADA

120° W135° W

70° N

62° N

GULF OF 
ALASKA

BEAUFORT 
SEA

0 15 30 45 60 KILOMETERS

0 15 30 MILES

Political boundaries from U.S. Department of State (2009).
Shaded relief from Earth Resources Observation and
Science (EROS) Center (2001).
Canada Albers Equal-Area Conic Projection.
Central meridian, 128° W., latitude of origin, 40° N.

EXPLANATION

Assessed sediment-hosted
   copper tract 003rfCu3000

Sediment-hosted copper deposit

Sediment-hosted copper 
   occurrence

Rocky M
ountains

Rocky M
ountains

Qual Assess_fig1-6.ai

Figure 1-6.  Map showing the sediment-
hosted copper permissive tract, deposits, 
and occurrences of the Redstone Copperbelt, 
Canada (003rfCu3000).
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Figure 1-7.  Map showing the sediment-hosted copper permissive tract, deposits, and occurrences of the Dongchuan Group Rocks, 
south central China (142rfCu4000).
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Figure 1-8.  Map showing the sediment-hosted copper permissive tract, deposits, and occurrences of the Belt-Purcell Basin, United 
States and Canada (003ssCu3100).
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Figure 1-9.  Map showing the sediment-hosted copper permissive tract, deposits, and occurrences of the Neuquén Basin, Argentina 
(005ssCu5100).
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Figure 1-10.  Map showing the sediment-hosted copper permissive tract, deposits, and occurrences of the Maritimes Basin, Canada 
(003shCu1000).
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Figure 1-11.  Map showing the sediment-hosted copper permissive tract, deposits, and occurrences of the Chuxiong Basin, China 
(142ssCu6000).
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Figure 1-12.  Map showing the sediment-hosted copper permissive tract, deposits, and occurrences of the Salta Rift System, Argentina 
(005ssCu5101).
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ranking. For a detailed guide on AHP, see the tutorial by Hass 
and Meixner (2006).

For this study, the goal (the top level of the hierarchy) is 
a qualitative assessment of the amount of undiscovered copper 
that may be present in each of the 10 prospective basins (fig. 
1-13). The alternatives (the bottom of the hierarchy) are the 10 
study areas. Three criteria are used at the second level of the 
hierarchy: (1) the extent of the study areas, (2) the lithostrati-
graphic framework, and (3) the evidence for fluids capable of 
forming sediment-hosted stratabound copper deposits (miner-
alization). In general, larger permissive tracts may have more 
undiscovered copper, all other variables being equal. How-
ever, the map resolution and the depth that could be assessed 
varied between the tracts, so extra elements are included to 
the hierarchy under the “size criterion” to account for these 
differences. The lithostratigraphic criterion considers fea-
tures that can be observed on geologic maps and stratigraphic 
columns that indicate that geologic units permissive for 
sediment-hosted stratabound copper mineralization are pres-
ent. Lithostratigraphic criteria are used to evaluate the mineral 
system components that can be observed on the stratigraphic 
columns. Examples include the presence of basaltic rocks that 
could be a source of copper for the ore fluids or the presence 
of salt layers that could form impermeable seals in the section. 
The “mineralization” criterion evaluates evidence suggestive 
of a copper-bearing ore fluid in the basin. The criteria used to 
evaluate the mineralization element include the deposit sub-
types that are present, the degree (completeness) of explora-
tion, and the size and number of known deposits, occurrences, 
and mineralized sites. For this report, deposits are defined as 
sediment-hosted stratabound copper localities with identified 
resources that have a defined tonnage and copper grade, occur-
rences are sediment-hosted stratabound copper localities with 
no known tonnage or grade, and sites are copper localities 
with an unknown deposit type and development status. The 
pairwise-comparisons used to evaluate the individual elements 
of the hierarchy are summarized in appendix B (AHP Input.

xlsx). The most important outcome is a chart that compares 
alternative utility scores for the study areas.

Results
The AHP analysis ranks the Northwest Botswana Rift, 

the Benguela and Cuanza Basins, and the Egypt–Israel–Jordan 
Rift at the top of the list with the Maritimes Basin, Chuxiong 
Basin, and the Salta Rift System at the bottom (fig. 1-14). This 
outcome is consistent with the expert rankings done by the 
economic geologists (table 1-3) with the same three assess-
ment areas ranked the highest. Thus, the Northwest Botswana 
Rift, the Benguela and Cuanza Basins, and the Egypt–Israel–
Jordan Rift assessment areas have the highest potential for 
undiscovered copper in sediment-hosted stratabound copper 
deposits and are candidates for more in-depth research, analy-
sis, and evaluation.

This study also shows that qualitative rankings of study 
areas using expert opinion and the AHP yield similar results, 
particularly for study areas that are likely to contain high 
amounts of undiscovered copper. The evaluation process using 
expert opinion is quick but lacks transparency. The benefit of 
the AHP approach is that the evaluation process is explicit and 
quantified. The process also appears to be robust, and the type 
of information required to make the decisions is straightfor-
ward. As part of this study, a simple hierarchy was developed 
in which the criteria were independent and what the criteria 
were measuring or comparing was clear.

Several areas not included in this study may have suf-
ficient information to conduct a similar qualitative evaluation 
of the potential for undiscovered sediment-hosted stratabound 
copper deposits. Examples include areas in Australia (the Ade-
laide Geosyncline; Rowlands, 1974; Tonkin and Creelman, 
1990), Canada (the Seal Lake Group; Gandhi and Brown, 
1975), the United States (the Paradox Basin; Thorson, 2005), 
and Zimbabwe (the Deweras Group; Master, 1996).

Rank Economic geologist 1 Economic geologist 2 Group AHP

1 Northwest Botswana Rift Northwest Botswana Rift Northwest Botswana Rift
2 Benguela and Cuanza Basins Egypt-Israel-Jordan Rift Benguela and Cuanza Basins
3 Egypt-Israel-Jordan Rift Benguela and Cuanza Basins Egypt-Israel-Jordan Rift
4 Chuxiong Basin Redstone Copperbelt Redstone Copperbelt 
5 Dongchuan Group rocks of China Dongchuan Group rocks of China Dongchuan Group rocks of China
6 Belt-Purcell Basin Chuxiong Basin Belt-Purcell Basin
7 Redstone Copperbelt Belt-Purcell Basin Neuquén Basin
8 Maritimes Basin Maritimes Basin Maritimes Basin
9 Neuquén Basin Neuquén Basin Chuxiong Basin

10 Salta Rift System Salta Rift System Salta Rift System

Table 1-3.  Ranked lists of the assessment areas showing results based on expert opinion and group analytic hierarchy process 
analysis. The highest ranked assessment areas are considered to have the highest potential for the largest amount of resources in 
undiscovered sediment-hosted stratabound copper deposits.

[AHP, analytic hierarchy process]
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Figure 1-13.  Chart showing criteria hierarchy used for the analytic hierarchy process analysis for 10 assessment areas that could 
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Figure 1-14.  Stacked bar graph showing group analytic hierarchy process scores in order of decreasing potential of undiscovered 
copper for the 10 assessment areas. Each bar is segmented into the three main criteria used in the AHP analysis.
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Introduction 
This chapter summarizes information used to rank 

copper-permissive areas in 10 sedimentary basins that were 
selected for qualitative assessment as part of the U.S. Geologi-
cal Survey (USGS) global mineral resource assessment. The 
areas assessed include the Northwest Botswana Rift (NWBR) 
(which includes the Kalahari Copperbelt), Namibia and 
Botswana; the Benguela and Cuanza Basins, Angola; a basin 
with Cambrian rocks in Egypt, Israel, and Jordan; Neopro-
terozoic rocks that host the Redstone Copperbelt, Canada; the 
basin that includes the Dongchuan Group rocks, China; the 
Belt-Purcell Basin, United States and Canada; the Neuquén 
Basin, Argentina; the Maritimes Basin, Canada; the Chuxiong 
Basin, China; and the Salta Rift System, Argentina (fig. 1-1). 
Areas are listed in order of descending likelihood to contain 
undiscovered copper deposits.

For decades, two competing concepts about the origin 
of sediment-hosted stratabound copper deposits have been 
discussed in scientific literature: (1) syngenesis, in which the 
mineralization developed simultaneously with the deposition 
of the sediments, and (2) diagenesis, in which the mineraliza-
tion formed later than the deposition of the sediments, from 
processes occurring at low temperatures and pressures during 
compaction and lithification. The diagenetic model of ore 
formation is now widely accepted. Essential mineral sys-
tem components for diagenetic sediment-hosted stratabound 
copper deposits are (1) permeable red-bed rocks juxtaposed 
against strata that contain reductants (typically organic mate-
rial and diagenetic pyrite, or, for sandstone-hosted deposits, 
natural gas or petroleum), (2) basin history that indicates that 
the rocks underwent burial diagenesis (depths of 1 to 5 km at 
temperatures ranging from 70 to 220 °C), and (3) subsurface 
aqueous fluids that are enriched in copper. All three compo-
nents were used to create a template for the information that 
was compiled for the qualitative assessment.

Tectonic setting and stratigraphy are compiled for each 
area to explain basin history and stratigraphic relations. Each 
section includes one or more maps, stratigraphic columns, and 
cross sections to illustrate these relations. Known deposits 

and occurrences are used to indicate fluid pathways and traps. 
Mineral system components are discussed for each basin as 
well as a brief statement on the quality of information that 
was available. Herein, deposits are defined as sediment-hosted 
stratabound copper localities with identified resources that 
have a defined tonnage and copper grade, occurrences are 
sediment-hosted stratabound copper localities with no known 
tonnage or grade, and sites are copper localities with an 
unknown deposit type and development status.

Northwest Botswana Rift, Botswana 
and Namibia—Assessment Tract 
002rfCu2002

Sedimentary rocks of the Neoproterozoic Ghanzi and 
Nosib Groups in Botswana and Namibia host reduced-facies 
and sandstone-copper subtypes of sediment-hosted strat-
abound copper deposits. These rock units extend about 1,070 
km along strike and are part of the NWBR. The NWBR hosts 
18 deposits, 27 occurrences, and 38 sites (fig. 1-3). Informally, 
the area containing these deposits, occurrences, and sites is 
known as the “Kalahari Copperbelt.”

Tectonic Setting

A northeast-trending, tectonically inverted Mesopro-
terozoic and Neoproterozoic rift basin extends from central 
Namibia to northern Botswana (fig. 2-1). The rift is known 
by several names, including the Koras-Sinclair-Ghanzi Rift 
(Borg, 1988), the Ghanzi-Chobe Belt (Modie, 1996), and the 
NWBR (Key and Mapeo, 1999). The NWBR initially devel-
oped on the northern margin of the Kalahari Craton during 
the Mesoproterozoic Era (fig. 2-2); the age of the basal felsic 
volcanic rocks associated with initial rifting is 1,106 ± 2 Ma 
(million years before the present; Schwartz and others, 1995). 
As much as 7.5 km of volcanic and sedimentary material 
was deposited in the rift from the late Mesoproterozoic to the 
early Neoproterozoic (Martin and Porada, 1977; Modie, 1996; 
Thomas and Jacobs, 1998; Key and Ayres, 2000; Singletary 
and others, 2003; Frimmel and others, 2011). To the north-
west, the NWBR is faulted against deformed rocks associated 
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with the Damara Belt (fig. 2-3; Modie, 1996; Key and Mapeo, 
1999; Key and Ayres, 2000). High-angle normal faults, part 
of the Kalahari Suture Zone, bound the rift to the southeast 
(fig. 2-3; Key and Mapeo, 1999). Deformation during the late 
Neoproterozoic, possibly associated with the Damara Orogeny 
(Modie, 1996), produced isoclinal to tight folds in the volcanic 
and sedimentary rift-fill rocks (fig. 2-3; Singletary and others, 
2003). Kalahari sands, about 30 m thick, cover most of the 
NWBR (Haddon, 1999).

Stratigraphy

Mesoproterozoic bimodal volcanic rocks form the base of 
the stratigraphic sequence of the NWBR. The volcanic rocks 
are unconformably overlain by continental red beds, which 
in turn are overlain by Neoproterozoic marine sedimentary 
rocks (fig. 2-4). The Mesoproterozoic bimodal volcanic rocks 
are known as the Kgwebe Formation in Botswana and the 
Nückopf and Grauwater Formations in the Klein Aub area in 
Namibia (fig. 2-4; Borg and Maiden, 1987). In Botswana, the 
volcanic rocks consist of porphyritic rhyolites and subalkaline 
basalts, with minor pyroclastic flow deposits, peperites, and 
subaerial basaltic lavas intercalated with localized epiclastic 
and tuffaceous sediments (Kampunzu and others, 1998). In 
Namibia, conglomerate and arkose are a minor component 
of the Nückopf Formation but make up almost 50 percent of 
the Grauwater Formation. On the basis of U-Pb dates from 
zircons, the age of the porphyritic rhyolites is 1,106 Ma 
(Schwartz and others, 1995).

The overlying Neoproterozoic red beds are named the 
Ngwako Pan Formation in Botswana and the Doornpoort 
Formation in the Klein Aub area of Namibia (fig. 2-4; Borg 
and Maiden, 1987; Modie, 2000; Pretorius and Park, 2011). In 
Botswana, these formations are composed of muddy sandstone 
characterized by parallel lamination with sporadic crossbed-
ding and minor pebbly and granule-rich layers. The sandstone 
and mudstone rocks of this unit contain finely disseminated 
hematite that imparts a pink to maroon color to the rocks. 
Mafic volcanic rocks are intercalated with the red beds (Kam-
punzu and others, 2009).

The overlying Neoproterozoic marine rocks are referred 
to as the D’Kar Formation of the Ghanzi Group in Botswana, 
and the Klein Aub Formation of the Nosib Group in Namibia 
(fig. 2-4). The D’Kar Formation is parallel-laminated gray-
green siltstone and mudstone with some interbedded fine-
grained sandstone, some impure limestone beds with dark-
and-white-banded rhythmites, and organic-rich shale (Modie, 
2000; Pretorius and Park, 2011). This formation contains fine-
to-coarse-grained pyrite. The D’Kar Formation is dated at 810 
± 10 Ma on the basis of the correlation with the Bitter Springs 
δ13C event, which is interpreted to represent the end of the 
Snowball Earth event (Halverson and others, 2005). The Klein 
Aub Formation is made up of pyritic metasandstone, dark gray 
and black pyritic slate, detrital metacarbonate, and laminated 
shale (Borg and Maiden, 1987).

Deposits and Occurrences

Eighteen deposits, 27 occurrences, and 38 sites have 
been identified within the NWBR (table 2-1; figs. 2-5 and 
2-6). Both reduced-facies and sandstone-copper subtypes are 
present in this assessment area. Additional copper sites in 
sedimentary rock are shown in figures 2-5 and 2-6. Reduced-
facies sediment-hosted stratabound deposits and occurrences 
are confined to the basal part of the gray-green, argillitic facies 
of the D’Kar Formation (Modie, 2000; Hall, 2013) and the 
Kagas member of the Klein Aub Formation (Borg and Maiden, 
1987). Sandstone-copper subtypes are hosted in Doornpoort 
Formation red beds in Namibia.

Although the presence of copper ore within the NWBR 
was documented as early as 1855 (Mietzner, 2011), extensive 
Kalahari sands covering most of the rift limited exploration 
in the area. Beginning in the 1960s, airborne geophysical sur-
veys, soil geochemical surveys, and drilling allowed explora-
tion geologists to assess the geology and mineral potential of 
rocks under the Kalahari sands.

Reduced-Facies-Type Deposits
The largest reduced-facies-type deposits are in the Lake 

N’Gami area in Botswana (fig. 2-1) in a belt of thick, later-
ally continuous, and folded rock units (figs. 2-6 and 2-7). The 
host rocks are dark, carbonate-bearing mudstone, siltstone, 
and very fine-grained sandstone (1 to 25 m thick) of the D’Kar 
Formation, which overlies the red beds of the Ngwako Pan 
Formation (more than 3,500 m thick; Modie, 2000). Low-
grade copper (0.2 percent) concentrations at the base of the 
D’Kar Formation can be traced for hundreds of kilometers. 
Exploration along this trend delineated 10 deposits, includ-
ing the Petra and Plutus, Zeta, and Zeta NE deposits, as well 
as the Nexus and Erebus copper occurrences (fig. 2-7). The 
rocks are isoclinally folded into southwest- and northeast-
plunging, upright anticlines and synclines with wavelengths 
of 3 to 10 km. The mineralized area is more than 600 km 
long with a width of 30 km or greater (Modie, 2000). As of 
2014, three companies hold license areas over permissive 
rocks in Botswana: Cupric Canyon Capital (a private equity 
company backed by Barclays Bank plc), Discovery Minerals 
Ltd. (a publicly traded company listed on the Botswana Stock 
Exchange and the Australian Securities Exchange), and MOD 
Resources Ltd. (a publicly traded company listed on the Aus-
tralian Securities Exchange).

Johannesburg Consolidated Investments initiated explora-
tion in the Lake N’Gami area (fig. 2-1), in 1962, but failed 
to find economic deposits. Between 1967 and 1970, a joint 
venture of Anglovaal, DeBeers, and Tsumeb Corporation 
conducted soil sampling and the first exploration drilling (Van 
Der Heever and Arengi, 2010) and discovered the Ngwako 
Pan deposit, subsequently renamed Zeta (fig. 2-6). Anglovaal 
and DeBeers left the joint venture, and U.S. Steel Corpora-
tion took over and was joined by Newmont Mining. The latter 
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Name Latitude Longitude Ore minerals
Major  

commodities
Resources  
(unmined)

Citation

Reduced-facies deposits

Banana Zone –21.089 22.738 Cc, Bn, Ccp Cu, Ag 91.22 Mt at 1.15% 
Cu; 14.98 g/t Ag

Discovery Metals Ltd. (2011b); Preto-
rius and Park (2011)

Corner K –21.146 22.408 — Cu, Ag 9.5 Mt at 0.91% 
Cu

MOD Resources Ltd. (2012)

Dordabis (Ko-
perberg) 

–22.940 17.749 Cc, native Cu Cu 1.74 Mt at 0.97% 
Cu

Kalahari Minerals plc (2008)

Ghanzi project 
- Zone 5

–20.619 23.222 Cc, Bn, Ccp Cu, Ag 13.4 Mt at 1.66% 
Cu; 12.11 g/t Ag

Discovery Metals Ltd. (2011b); Preto-
rius and Park (2011)

Ghanzi project 
- Zone 6

–20.414 23.359 Cc, Bn, Ccp Cu, Ag 6.27 Mt at 1.50% 
Cu; 6.68 g/t Ag

Discovery Metals Ltd. (2011b); Preto-
rius and Park (2011)

Klein Aub –23.800 16.633 Ccp, Bn, Cc, 
Cp

Cu, Ag 6 Mt at 1.5% Cu Ruxton (1986); Borg and Maiden 
(1987); Andritzky (1998); Cox and 
others (2003)

NE Mango –20.679 23.150 — Cu, Ag 33.3 Mt at 1.2% 
Cu

Discovery Metals Ltd. (2014)

Petra and 
Plutus

–20.543 22.961 Cc, Bn, Ccp Cu, Ag 67.4 Mt at 1.4% 
Cu; 14 g/t Ag

Discovery Metals Ltd. (2010, 2011a, and 
2011b)

Selene –20.472 23.141 — Cu, Ag 16.0 Mt at 1.0% 
Cu

Discovery Metals Ltd. (2014)

Zeta –20.605 23.008 Cc, Bn, Ccp Cu, Ag 35.4 Mt at 1.4% 
Cu; 20 g/t Ag

Discovery Metals Ltd. (2011a and 
2011b)

Zeta NE –20.539 23.092 — Cu, Ag 12.9 Mt at 1.3% 
Cu

Discovery Metals Ltd (2014)

Sandstone-copper deposits

Christiadore –22.417 18.232 — Cu 1.2 Mt at 2.3% Cu Andritzky (1998); Kalahari Minerals 
plc (2006); Extract Resources (2008); 
Kalahari Minerals plc (2008)

Gemsbock-
vley

–22.464 18.177 — Cu 0.4 Mt at 1.8% Cu Andritzky (1998); Kalahari Minerals 
plc (2006); Extract Resources (2008); 
Kalahari Minerals plc (2008)

Malachite Pan –22.285 18.465 — Cu 3.0 Mt at 2.1% Cu Andritzky (1998); Kalahari Minerals 
plc (2006); Extract Resources (2008); 
Kalahari Minerals plc (2008)

Oamites –22.974 17.089 Ccp, Bn, Cc Cu, Ag 6.1 Mt at 1.33% 
Cu; 12.3 g/t Ag

Lee and Glenister (1976); Maiden and 
others (1984); Andritzky (1998); Cox 
and others (2003)

Ophion –20.796 22.733 — Cu 14.0 Mt at 1.0% 
Cu

Discovery Metals Ltd. (2011b)

Okasewa –22.390 18.316 — Cu 6.0 Mt at 1.8% Cu Andritzky (1998); Kalahari Minerals 
plc (2006); Extract Resources (2008); 
Kalahari Minerals plc (2008)

Witvlei (Pos) –22.339 18.462 Cc, Bn, Ccp, 
Cv, Dg

Cu, Ag 2.8 Mt at 1. 5% Cu Anhaeusser and Button (1973); Maiden 
and others (1984); Andritzky (1998); 
Cox and others (2003); Extract Re-
sources (2008); Kalahari Minerals plc 
(2008); Cullen Resources Ltd. (2011a)

Table 2-1.   Sediment-hosted stratabound copper deposits within the Northwest Botswana Rift, Botswana and Namibia.

[Abbreviation of mineral names: Bn, bornite; Cc, chalcocite; Ccp, chalcopyrite; Cp, cuprite; Cv, covellite; Dg, digenite. g/t, grams per metric ton; Mt, million 
metric tons; %, percent; —, no data]



32    Qualitative Assessment of Selected Areas of the World for Undiscovered Sediment-Hosted Stratabound Copper Deposits

!

W
itv

le
i (

Po
s)

Ch
ris

tia
do

re
Ok

as
ew

a
W

itv
le

i (
Po

s)

Oa
m

ite
sDo

rd
ab

is
 (K

op
er

be
rg

)

Kl
ei

n 
Au

b

M
al

ac
hi

te
 P

an

Ge
m

sb
oc

kv
le

y
Ge

m
sb

oc
kv

le
y

Ch
ris

tia
do

re
Ok

as
ew

a
W

IN
D

H
O

EK

N
A

M
IB

IA

B
O

T
SW

A
N

A

21
° 

E
18

° 
E

21
° 

S

24
° 

S

28
° 

E
20

° 
E

12
° 

E

20
° 

S

30
° 

S

A
N

G
O

L
A

N
A

M
IB

IA

SO
U

T
H

 A
FR

IC
A

Z
A

M
B

IA

B
O

T
SW

A
N

A

AT
LA

N
TI

C
O

C
EA

N

Ar
ea

 o
f m

ap

Po
lit

ic
al

 b
ou

nd
ar

ie
s 

fro
m

 U
.S

. D
ep

ar
tm

en
t o

f S
ta

te
 (2

00
9)

,
UT

M
 Z

on
e 

34
S 

Pr
oj

ec
tio

n.
Ce

nt
ra

l m
er

id
ia

n,
 2

1°
 E

., 
La

tit
ud

e 
of

 o
rig

in
, 0

°.

EX
PL

A
N

AT
IO

N

0
40

80
12

0
16

0
KI

LO
M

ET
ER

S

0
40

80
M

IL
ES

Se
di

m
en

t-
ho

st
ed

 c
op

pe
r d

ep
os

it

Se
di

m
en

t-
ho

st
ed

 c
op

pe
r o

cc
ur

re
nc

e

St
ra

tig
ra

ph
ic

 fo
ot

w
al

l t
o 

or
e 

un
it

St
ra

tig
ra

ph
ic

 h
an

gi
ng

 w
al

l -
 S

tu
rt

ia
n

   
m

ix
tit

e 
- B

la
ub

ek
er

 F
or

m
at

io
n

St
ra

tig
ra

ph
ic

 h
an

gi
ng

 w
al

l t
o 

or
e 

un
it

Or
e-

be
ar

in
g 

un
its

Or
e-

be
ar

in
g 

un
its

 a
nd

 th
ei

r 
ha

ng
in

g 
w

al
ls

Un
di

vi
de

d

N
os

ib
/S

in
cl

ai
r/

G
ha

nz
i G

ro
up

s

Si
te

 w
ith

 c
op

pe
r i

n 
se

di
m

en
ta

ry
 ro

ck
s

Q
ua

l A
ss

es
s_

�g
2-

5.
ai

Fi
gu

re
 2

-5
. 

Ge
ol

og
ic

 m
ap

 o
f t

he
 w

es
te

rn
 p

ar
t o

f t
he

 K
al

ah
ar

i C
op

pe
rb

el
t, 

N
or

th
w

es
t B

ot
sw

an
a 

Ri
ft,

 B
ot

sw
an

a 
an

d 
N

am
ib

ia
, s

ho
w

in
g 

se
le

ct
ed

 g
eo

lo
gi

c 
un

its
 a

nd
 th

e 
lo

ca
tio

n 
of

 
se

di
m

en
t-h

os
te

d 
co

pp
er

 d
ep

os
its

 a
nd

 o
cc

ur
re

nc
es

. G
eo

lo
gy

 m
od

ifi
ed

 fr
om

 S
ch

re
ib

er
 (1

98
0)

, K
ey

 (1
99

8)
, H

ad
do

n 
(2

00
1)

, V
an

 D
er

 H
ee

ve
r a

nd
 A

re
ng

i (
20

10
), 

an
d 

Di
sc

ov
er

y 
M

et
al

s 
Lt

d.
 (2

01
1b

).



Chapter 2.  Tectonics, Stratigraphy, and Economic Geology of Qualitatively Assessed Tracts    33

!

!

24
° 

E
21

° 
E

18
° 

S

21
° 

S
N

yxDo
m

e

Ga
ia

M
ai

a

Ha
de

s

Ou
re

a

N
ot

us

N
ex

us

Kr
on

os

He
lio

s
Se

le
ne

Op
hi

on

SW
 M

an
goN
E 

M
an

go

Qu
iri

nu
s

Ap
hr

od
ite

Ba
na

na
 Z

on
e

Gh
an

zi 
pr

oj
ec

t -
 zo

ne
 6

Er
eb

us

Ze
ta

 N
E

Co
rn

er
 K

Pe
tra

 a
nd

 P
lu

tu
s

Ze
ta

Gh
an

zi 
pr

oj
ec

t -
 zo

ne
 5

N
yxDo

m
e

Ga
ia

M
ai

a

Ha
de

s

Ou
re

a

N
ot

us

N
ex

us

Kr
on

os

He
lio

s
Se

le
ne

Op
hi

on

SW
 M

an
goN
E 

M
an

go

Qu
iri

nu
s

Ap
hr

od
ite

Ba
na

na
 Z

on
e

Gh
an

zi 
pr

oj
ec

t -
 zo

ne
 6

Er
eb

us

Ze
ta

 N
E

Co
rn

er
 K

Pe
tra

 a
nd

 P
lu

tu
s

Ze
ta

Gh
an

zi 
pr

oj
ec

t -
 zo

ne
 5

B
O

T
SW

A
N

A

N
A

M
IB

IA

Z
IM

B
A

B
W

E

A
N

G
O

L
A

SO
U

T
H

A
FR

IC
A

A
N

G
O

L
A

Z
A

M
B

IA

N
A

M
IB

IA

D
R

C

AT
LA

N
TI

C
O

C
EA

N

B
O

T
SW

A
N

A

Z
IM

B
A

B
W

E

B
O

T
SW

A
N

A

Z
IM

B
A

B
W

E

Ar
ea

 o
f m

ap

30
° 

E
20

° 
E

10
° 

S

20
° 

S

30
° 

S

Po
lit

ic
al

 b
ou

nd
ar

ie
s 

fro
m

 U
.S

. D
ep

ar
tm

en
t o

f S
ta

te
 (2

00
9)

.
UT

M
 Z

on
e 

34
S 

Pr
oj

ec
tio

n.
Ce

nt
ra

l m
er

id
ia

n,
 2

1°
 E

., 
La

tit
ud

e 
of

 o
rig

in
, 0

°.

EX
PL

A
N

AT
IO

N

0
40

80
12

0
16

0
KI

LO
M

ET
ER

S

0
40

80
M

IL
ES

Se
di

m
en

t-
ho

st
ed

 c
op

pe
r d

ep
os

it

Se
di

m
en

t-
ho

st
ed

 c
op

pe
r o

cc
ur

re
nc

e

St
ra

tig
ra

ph
ic

 fo
ot

w
al

l t
o 

or
e 

un
it

St
ra

tig
ra

ph
ic

 h
an

gi
ng

 w
al

l t
o 

or
e 

un
it

Or
e-

be
ar

in
g 

un
its

Or
e-

be
ar

in
g 

un
its

 a
nd

 th
ei

r 
ha

ng
in

g 
w

al
ls

Un
di

vi
de

d

N
os

ib
/S

in
cl

ai
r/

G
ha

nz
i G

ro
up

s

Pe
rm

ia
n 

co
ve

r

Q
ua

l A
ss

es
s_

�g
2-

6.
ai

Fi
gu

re
 2

-6
. 

Ge
ol

og
ic

 m
ap

 o
f t

he
 e

as
te

rn
 p

ar
t o

f t
he

 K
al

ah
ar

i C
op

pe
rb

el
t, 

N
or

th
w

es
t B

ot
sw

an
a 

Ri
ft,

 B
ot

sw
an

a 
an

d 
N

am
ib

ia
, s

ho
w

in
g 

se
le

ct
ed

 g
eo

lo
gi

c 
un

its
 a

nd
 th

e 
lo

ca
tio

n 
of

 
se

di
m

en
t-h

os
te

d 
co

pp
er

 d
ep

os
its

 a
nd

 o
cc

ur
re

nc
es

. G
eo

lo
gy

 m
od

ifi
ed

 fr
om

 S
ch

re
ib

er
 (1

98
0)

, K
ey

 (1
99

8)
, H

ad
do

n 
(2

00
1)

, V
an

 D
er

 H
ee

ve
r a

nd
 A

re
ng

i (
20

10
), 

an
d 

Di
sc

ov
er

y 
M

et
al

s 
Lt

d.
 (2

01
1b

).



34    Qualitative Assessment of Selected Areas of the World for Undiscovered Sediment-Hosted Stratabound Copper Deposits

EX
PL

A
N

AT
IO

N

Ka
ro

o 
di

ab
as

e 
di

ke
s

Si
lic

ic
la

st
ic

 m
et

as
ed

im
en

ta
ry

 ro
ck

s 
of

 th
e

  D
’K

ar
 a

nd
 M

am
un

o 
Fo

rm
at

io
ns

Re
du

ce
d-

fa
ci

es
-t

yp
e 

co
pp

er
 m

in
er

al
iz

at
io

n

A
rk

os
ic

 re
d 

be
ds

 o
f t

he
  N

gw
ak

o 
Pa

n 
Fo

rm
at

io
n

B
im

od
al

 v
ol

ca
ni

cs
 o

f t
he

  K
gw

eb
e 

Fo
rm

at
io

n

Fa
ul

t (
ar

ro
w

s 
sh

ow
 re

la
tiv

e 
di

re
ct

io
n

   
of

 m
ov

em
en

t)

Fo
ld

 a
xi

s

Petra

Plutus

Nexu
s

Zeta

N
ot

 to
 s

ca
le

Ve
rti

ca
l s

ca
le

 e
xa

gg
er

at
ed

Erebus

Q
ua

l A
ss

es
s_

�g
2-

7.
ai

Fi
gu

re
 2

-7
. 

Sc
he

m
at

ic
 b

lo
ck

 d
ia

gr
am

 s
ho

w
in

g 
th

e 
lo

ca
tio

n 
of

 s
ev

er
al

 re
du

ce
d-

fa
ci

es
-ty

pe
 s

ed
im

en
t-h

os
te

d 
co

pp
er

 d
ep

os
its

 a
nd

 o
cc

ur
re

nc
es

 a
lo

ng
 th

e 
fo

ld
ed

 c
on

ta
ct

 
be

tw
ee

n 
th

e 
N

gw
ak

o 
Pa

n 
an

d 
D’

Ka
r F

or
m

at
io

ns
. M

od
ifi

ed
 fr

om
 D

is
co

ve
ry

 M
et

al
s 

Lt
d.

 (2
01

1b
).



Chapter 2.  Tectonics, Stratigraphy, and Economic Geology of Qualitatively Assessed Tracts    35

two companies left the joint venture in 1975, but U.S. Steel 
continued exploration with additional soil-sample geochemis-
try, ground geophysics, trenching, and diamond drilling (Van 
Der Heever and Arengi, 2010). In 1980, U.S. Steel announced 
a resource at Zeta (Ngwako Pan) of 20 million metric tons of 
ore at 2 percent copper and 39 grams per ton of silver with an 
average thickness of 5.8 m to a depth of 650 m. After conduct-
ing feasibility studies, U.S. Steel abandoned the project. Anglo 
American Corporation took over and ran the project from 
1989 until 1994. Anglo American ran airborne electromagnetic 
surveys and drilled electromagnetic conductors. The corpora-
tion detected pyrite and pyrrhotite in the hanging wall of a 
zone of copper mineralization and concluded that the Zeta area 
was the best prospective area, followed by the Banana Zone. 
Delta Gold explored the area from 1996 until 2000. Each time, 
the companies took up approximately the same exploration 
concessions and then relinquished the property in a prolonged 
period of low copper prices.

Around 2007, Hana Mining Ltd. entered into an agree-
ment to acquire a 70 percent interest in the Ghanzi Project. 
After extensive exploration, Hana Mining Ltd. announced 
indicated and inferred resources totaling 91.2 million metric 
tons of 1.2 percent copper and 14.98 grams per ton of sil-
ver from the Banana Zone and Zones 5 and 6 of the Ghanzi 
Project (fig. 2-6; Pretorius and Park, 2011). The resources are 
conducive to open pit mining, and mineralization is believed 
to continue at similar grades and thicknesses below the open 
pit. In 2013, Hana Mining Ltd. was acquired by Cupric Can-
yon Capital.

Discovery Metals Ltd. acquired the rights to seven pros-
pecting licenses that focused on the Zeta deposit in 2005 (fig. 
2-6). They collected extensive drill and soil samples around 
the Zeta deposit, discovered and explored both the Petra and 
Plutus deposits, and drilled mineralized rock at the Nexus 
and Quirinus occurrences. Discovery Metals Ltd. acquired 
the rights to an additional seven prospecting licenses in 2008, 
and they control licenses that extend 60 km southwest from 
the town of Maun, Botswana, toward the Namibian border 
(distance of about 300 km) totaling an area of 10,000 km2 (fig. 
2-6; Discovery Metals Ltd., 2011a). The company used infill 
drilling in the Zeta-Petra-Plutus area to eventually identify an 
estimated total geologic resource (measured, indicated, and 
inferred) of 102.8 million metric tons of 1.4 percent copper 
and 17.3 grams per ton of silver, and conducted a feasibility 
study that was completed in August 2010. Discovery Metals 
Ltd. is developing (as of 2014) the Boseto project, which is 
predicted to produce 35,000 metric tons of copper and 1 mil-
lion ounces of silver annually from three closely spaced open 
pits at Zeta, Petra, and Plutus (fig. 2-6). Boseto resources at 
depth are sufficient to continue mining underground once the 
open pit ore is exhausted (Discovery Metals Ltd., 2011a).

As of 2014, MOD Resources holds the license for 
approximately 7,800 km2 of area between the Discovery Met-
als Ltd. Boseto Project and the Cupric Canyon Ghanzi project. 
On the basis of 138 drill holes, the Discovery Metals Ltd. Cor-
ner K deposit has a resource of 9.5 million metric tons with 

0.91 percent copper and 18.4 grams per ton of silver (MOD 
Resources Ltd., 2012).

In the Klein Aub deposit in Namibia, reduced-facies 
copper mineralization in the Klein Aub Formation (fig. 2-5) 
comprises 6 to 10 disseminated, zoned, sulfide bodies (Rux-
ton, 1986). Copper was recognized and prospected as early as 
1855 in the vicinity of the Klein Aub Mine (Mietzner, 2011). 
Between 1967 and 1987, the Klein Aub Mine was developed 
and produced 7.5 million metric tons of copper ore at a grade 
of 2 percent (Borg and Maiden, 1987; Cox and others, 2003; 
Kamona and Gunzel, 2007; McKinney and others, 2009; 
Discovery Metals Ltd., 2011a; Pretorius and Park, 2011). The 
decrease in copper prices forced the mine to close in 1987 
although reserves were estimated to contain at least as much 
tonnage at the same grade as was already mined (table 2-1; 
Dierks, 2005). In 2011, Midnight Sun Mining Corporation, a 
mineral exploration and development company that trades on 
the TSX Venture Exchange4, entered into an agreement to earn 
a 60 percent interest in the Klein Aub group of prospecting 
licenses (Midnight Sun Mining Corporation, 2014).

Sandstone-Copper Deposits
German colonists discovered copper resources in the 

Oamites area of Namibia (fig. 2-5) in the late 1800s, but the 
copper ore was considered uneconomic because the sulfide 
minerals were too fine grained for existing separation tech-
niques. Exploration drilling in Oamites in the 1960s revealed a 
substantial ore body that led to mine development by Falcon-
bridge Nickel Mines Ltd. in 1970. The Oamites deposit was 
mined between 1971 and 1985 and produced more than 6.1 
million metric tons of ore at 1.33 percent copper and 12.3 
grams per ton of silver (Cox and others, 2003). During active 
mining years, the Oamites Mine produced 55,000 metric tons 
of ore per month (Lee and Glenister, 1976). The copper min-
eralization at the Oamites Mine is hosted in amphibolite-grade 
metamorphic rocks that may be equivalent to Nosib Group 
rocks.

Recent reports estimate a total of 13.4 million metric 
tons of ore at 1.85 percent copper in five separate locations 
in the Witvlei area of Namibia: Christiadore, Gemsbockvley, 
Malachite Pan, Okasewa, and Witvlei (Pos) (figs. 2-5 and 
2-6; table 2-1; Kalahari Minerals plc, 2008; Cullen Resources 
Ltd., 2011a). Rimann (1915) was the first to document copper 
in the Witvlei area, but extensive exploration did not com-
mence until the late 1960s and early 1970s by Anglovaal 
Southwest Africa pty Ltd. Borehole samples were analyzed, 
and the petrography and mineralogy of the Witvlei area were 
studied in detail during that time. The grade was reported as 
1.5 to 2 percent copper and was considered uneconomic for 
large mining operations; nevertheless, small-scale mining 
operations were conducted (Anhaeusser and Button, 1973; 
Borg and Maiden, 1989). In early 2010, Cullen Resources 

4The TSX Venture Exchange is a stock exchange headquartered in Calgary, 
Alberta and has offices in Toronto, Vancouver, and Montreal.

http://en.wikipedia.org/wiki/Calgary
http://en.wikipedia.org/wiki/Alberta
http://en.wikipedia.org/wiki/Toronto
http://en.wikipedia.org/wiki/Vancouver
http://en.wikipedia.org/wiki/Montreal
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Ltd. submitted prospecting applications for approximately 
8,000 km2 (Cullen Resources Ltd., 2011b), and two exclusive 
prospecting licenses were acquired but later relinquished 
(Cullen Resources Ltd., 2014). Kalahari Minerals plc (2008) 
also reported resources of 1.74 million metric tons of copper 
ore with 0.97 percent copper at the Dordabis deposit (fig. 2-5). 
This deposit is about 100 km southwest of Witvlei (Pos) and 
is within the same stratigraphic units as the five deposits and 
occurrences in the Witvlei area.

Mineral System Components

Neoproterozoic sedimentary rocks of southwestern Africa 
host stratabound copper deposits that likely formed during 
diagenesis of the D’Kar and Klein Aub Formations. Sulfide 
formation during diagenesis produced disseminated and 
cementing copper ore minerals in the Lake N’Gami, Witvlei, 
and Klein Aub outcrop areas, respectively (Ruxton, 1986). 
A secondary mineralization episode is found in stockwork 
veinlets at Klein Aub, which likely postdated lithification that 
produced the Klein Aub Formation (Miller, 1983).

Basalt and red-bed copper sources, evaporite-bearing 
Lake N’Gami rocks, subsurface brine-rich fluids, and a redox 
boundary (reduced organic-rich host rocks overlying an oxi-
dized red-bed-type sequence) are all present in this reduced-
facies sedimentary basin. The Neoproterozoic Doornpoort 
Formation basalt flows and their equivalents in Botswana 
could be the primary copper source rocks (Borg and Maiden, 
1987). Regional metamorphism of the basalts resulted in 
epidote-quartz-chlorite-hematite-muscovite mineral assem-
blages; during the epidote alteration, copper, zinc, and cobalt 
were leached from these rocks. Native copper was precipitated 
in permeable zones such as breccia at the top of lava flows, 
amygdaloidal zones within flow units, and fractures within 
and adjacent to the basalts. Copper leached from the basalts is 
also a possible metal source for the sediment-hosted strat-
abound deposits. Borg and Maiden (1987) conclude that the 
volume of metabasalt and the extent of alteration and leaching 
can account for the amount of copper in the sediment-hosted 
deposits. Underlying red beds contain copper and were likely 
a local copper source. Replaced evaporite minerals in the Lake 
N’Gami area rocks (Borg and Maiden, 1989) indicate saline 
brine was likely a part of the NWBR mineralizing system.

The Damara Orogeny caused faulting and folding 
throughout the region (fig. 2-3; Key and Mapeo, 1999). 
These faults may have served as conduits for brine-rich fluid 
movement during secondary mineralization. The reductant 
component for the reduced-facies subtype of sediment-hosted 
stratabound copper mineralization is a redox boundary that 
resulted from the chemical contrast between oxidized clastic 
red beds and the overlying reduced carbonate-bearing rocks. 
The Klein Aub and D’Kar Formations contain carbonate rocks 
and pyritic shales that overlie the continental coarse clastic 
red beds of the Doornpoort and Ngwako Pan Formations. 
The red beds are interpreted as the infill of protoceanic rifts 

that cut Mesoproterozoic basement rocks (Martin and Porada, 
1977; Porada, 1989). The Klein Aub Formation in Namibia 
and the D’Kar Formation in Botswana likely are seal rocks to 
the mineralizing systems. In the sandstone-copper deposits of 
the Witvlei area, the reductant was likely a form of petroleum, 
probably sour gas, and the seal rocks were shale interbeds.

Principal Sources of Information

A 1:1,000,000-scale geologic map of Namibia (Schreiber, 
1980), a 1:2,500,000-scale bedrock geologic map of south-
western Africa (Haddon, 2001), and company reports from 
Hana Mining Ltd. and Discovery Metals Ltd. (Van Der Heever 
and Arengi, 2010; Discovery Metals Ltd., 2011b) were sources 
of geologic information for this assessment. The marked con-
trast in the detail of the permissive tracts between Botswana 
and Namibia reflects the use of a national geophysical survey 
completed in Botswana in the 1990s to map geology under 
cover. The main sources of mineral deposit and occurrence 
information included a 1:1,000,000-scale mineral occurrence 
map of Namibia (Andritzky, 1998), mining company reports 
from Discovery Metals Ltd., Kalahari Minerals, and Hana 
Mining Ltd., and references cited in table 2-1.

Benguela and Cuanza Basins, 
Angola—Assessment Tract 
002rfCu2000

Sedimentary rocks of the Cretaceous Lower and Upper 
Cuvo Formations in the Benguela and Cuanza Basins of west-
ern Angola host red-bed and reduced-facies subtypes of strat-
abound copper deposits, respectively. The Lower and Upper 
Cuvo Formations crop out in an arcuate, north-south-trending 
belt (fig. 2-8) over an area of about 2,300 km2. The onshore 
parts of the Benguela and Cuanza Basins contain 2 deposits, 
10 occurrences, and 13 sites (fig. 1-4).

Tectonic Setting

The Benguela and Cuanza Basins are two of the numer-
ous grabens and half grabens that formed during the breakup 
of the supercontinent Gondwana and opening of the southern 
Atlantic Ocean during the Early Cretaceous (Marzoli and 
others, 1999; Guiraud and others, 2010). Thermally driven 
subsidence began in the Albian Age and continued through the 
Miocene Epoch resulting in deposition of alternating marine 
and terrestrial material as sea level periodically rose and fell 
(Guiraud and others, 2010). The western offshore part of the 
Cuanza Basin is an important petroleum-producing basin 
(Brognon and Verrier, 1966; Brownfield and Charpentier, 
2006). Basin fill was locally compressed and inverted because 
of crustal shortening, which perhaps was due to ridge push 
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from the Mid-Atlantic Ridge as spreading direction changed 
during the Santonian Age (Nurnberg and Muller, 1991), or due 
to an uplift of the African Craton (Hudec and Jackson, 2002). 
Salt diapirs were emplaced later during the Cretaceous (fig. 
2-9; Hudec and Jackson, 2002), and pervasive folding formed 
many of the anticlines that are structural traps for migrating 
petroleum (Brownfield and Charpentier, 2006).

Stratigraphy

The basal rocks in the Benguela and Cuanza Basins are 
rift-related pre-Aptian tholeiitic basalt and basaltic andesite, 
which overlie gneissic and quartzitic Precambrian basement 
rocks (fig. 2-10; Brognon and Verrier, 1966; Marzoli and oth-
ers, 1999). The volcanic rocks are overlain by red sandstone, 
dolomitic to calcareous sandstone, siltstone, and argillite of 
the Lower Cretaceous (pre-Aptian) Lower and Upper Cuvo 
Formations. The Lower Cuvo Formation consists of basal fan-
glomerate beds that grade upward to red-bed fluvial sandstone 
(Van Eden, 1978; Guiraud and others, 2010). The Upper Cuvo 
Formation is composed of coarse to fine calcareous sandstone 
with intercalations of siltstone and marl that grade upward into 
dolomite (Van Eden, 1978). The change in lithology from clas-
tic to calcareous represents a marine transgression (Brognon 
and Verrier, 1966; Guiraud and others, 2010). The Lower and 
Upper Cuvo Formations range from 200 to 300 m in thickness. 
As much as 400 m of anhydrite and halite of the Aptian Loeme 
Formation disconformably overlies the Upper Cuvo Forma-
tions (fig. 2-10; Brognon and Verrier, 1966).

The Loeme Formation in the Benguela and Cuanza 
Basins is overlain by the Aptian Quianga and Binga Forma-
tions; both of these formations have basal anhydrite overlain 
by carbonate rocks (fig. 2-10). The bitumen-rich Binga Forma-
tion is the main petroleum source in the Benguela and Cuanza 
Basins (Brognon and Verrier, 1966; de Carvalho, 1980–82; 
de Araûjo and Perevalov, 1998; Guiraud and others, 2010). 
Outcrops of the Binga Formation extend for about 40 km 
along strike and are as much as 300 m thick (de Araûjo and 
Perevalov, 1998).

Deposits and Occurrences

Two stratabound copper deposits are hosted in the Lower 
Cuvo and Upper Cuvo Formations, as well as a number of 
occurrences. The reduced-facies Cachoeiras de Binga deposit 
is located in the southern part of the Cuanza Basin (fig. 2-8). 
The English Mine and associated occurrences in the Benguela 
Basin are examples of the red-bed-deposit subtype. There 
are 2 deposits, 10 occurrences, and 13 sites located along the 
eastern margin of the Benguela and Cuanza Basins (table 2-2; 
fig. 2-8).

Reduced-Facies-Subtype Deposits
The Cachoeiras de Binga deposit at the transition 

between continental clastic and marine carbonate rocks within 
the Upper Cuvo Formation has a measured resource of 7 mil-
lion metric tons with 2 percent copper (table 2-2; Caia, 1976; 
Kirkham and others, 1994). The Cachoeiras de Binga copper 
deposit was studied by the Angolan Geological Survey in 
the early 1970s; the study included approximately 6,500 m 
of drilling (CityView Corporation Ltd., 2006). Studies of the 
Benguela and Cuanza Basins by the Johannesburg Consoli-
dated Investment Co. Ltd., including the Cachoeiras de Binga 
copper deposit, were summarized by Van Eden (1978). In the 
early 1980s, further work in and around the deposit funded 
by the United Nations Development Program (Smith, 2005) 
included geochemical traverses immediately to the north of 
Cachoeiras de Binga, across the Cuvo River. The results of the 
traverses indicated that the Cachoeiras de Binga deposit may 
extend to the west and south (Smith, 2005). The Angolan Civil 
War (1975–2002) halted exploration work on the deposit.

From about 2004 to 2008, the Cachoeiras de Binga 
license area was held by a number of exploration companies 
such as Aurum, Simba Jamba Mines, Simba Mines, Zebra 
Copper, Fortitude Minerals, and CityView Corporation (for 
example, CityView Corporation Ltd., 2006; Fortitude Miner-
als Ltd., 2008; Mining Review, 2008; Schustack, 2008). The 
last of the parent companies, CVI Energy Corporation Ltd. 
(formerly CityView Corporation Ltd.), was delisted from 
the Australian stock exchange in 2011. The most significant 
outcomes of this work are technical reports that summarize 
previous work on the property (Smith, 2005, 2006). Accord-
ing to Smith (2005), approximately 50 million metric tons of 
inferred resources with a grade of 2 to 2.14 percent copper 
may be present to the north and west of the Cachoeiras de 
Binga deposit.

Red-Bed-Subtype Deposits
Red-bed copper deposits and occurrences at English 

Mine, Novo Redondo, and Zenza in the Benguela and Cuanza 
Basins (fig. 2-8) are hosted in the conglomerate or sandstone 
of the Lower Cretaceous Cuvo Formation (table 2-2; fig. 
2-10; Van Eden, 1978). At the English Mine, copper oxide 
minerals (such as cuprite) are present with iron oxides in a 
100-m long by 10- to 20-m-thick gossan zone. Conglomer-
ate and sandstone below the gossan zone are barren (Van 
Eden, 1978). The mineralized rocks are overlain by limestone. 
The conglomerate, sandstone, and limestone are a buttress 
unconformity against a paleohill of basement granite (Van 
Eden, 1978; Smith, 2005). Copper ore was extracted from 
the English Mine in the late 19th century, but no produc-
tion numbers are published (Van Eden, 1978; Kirkham and 
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Figure 2-8.  Map showing the onshore 
parts of the Benguela and Cuanza 
Basins, sediment-hosted copper deposits 
and occurrences, and the Cretaceous 
permissive geologic units, Angola. Geology 
from de Carvalho (1980–1982); basin 
modified from Fugro Data Services AG 
(2005). Cross section A–A' is shown in 
figure 2-9.
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Figure 2-10.  Chronostratigraphic column 
of the Cuanza Basin, Angola. Modified from 
Brognon and Verrier (1966) and Brownfield 
and Charpentier (2006). Copper mineralization 
placement is from the current study.
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Name  
(alternate 

name)
Latitude Longitude

Major  
commodities 

Subtype of 
copper  

mineralization
Ore minerals

 Resources 
(unmined)

Citation

Cachoeiras de 
Binga

–11.017 14.085 Cu Reduced facies Bn, Cc, Ccp 7 Mt at 2% 
Cu; 2–15 
g/t Ag

Caia (1976); Van Eden (1978); 
Kirkham and others (1994); 
de Araújo and Perevalov 
(1998); Cox and oth-
ers (2003); Kirkham and 
Rafer (2003); Kirkham and 
Broughton (2005)

English Mine 
(Unango)

–12.490 13.628 Cu Red bed Bn, Cc, Ccp — Van Eden (1978); Kirkham 
and others (1994); de Araú-
jo and Perevalov (1998); 
Cox and others (2003) 

Table 2-2.   Sediment-hosted stratabound copper deposits within the Cuvo and Binga Formations of the Benguela and Cuanza Basins, 
Angola.

[Abbreviation of mineral names: Bn, bornite; Cc, chalcocite; Ccp, chalcopyrite. g/t, grams per metric ton; Mt, million metric tons; %, percent; —, no data]

others, 1994). At Zenza, the mineralization occurs within red 
conglomeratic sandstone directly below an upward transition 
to gray coaly rocks. Chrysocolla and pseudomalachite are in 
the clayey matrix or carbonate cement of the sandstone (Van 
Eden, 1978). At Novo Redondo, the mineralization crosses 
stratigraphy and consists of discontinuous layers of chryso-
colla as matrix within sandstone. The mineralized sandstone 
underlies white feldspathic sandstone and overlies limonite-
stained conglomeratic sandstone. Some copper mineraliza-
tion is associated with small coaly pieces (Van Eden, 1978). 
Mineralization here appears to be supergene and formed at a 
paleo-water table; copper may have originated from overlying 
reduced-facies mineralization.

Mineral System Components

Two copper sources and redox boundaries as well as one 
evaporitic seal are present in the Benguela and Cuanza Basins. 
Copper may have originated in the Lower Cuvo underlying 
formations and carried in brines upward to the Upper Cuvo 
Formation (fig. 2-10; Van Eden, 1978; Swenson and others, 
2004). Potential copper sources include the pre-Aptian tholei-
itic basalt and basaltic andesites that underlie the Lower Cuvo 
Formation. In addition, copper may have dissolved from the 
clastic lower red beds and precipitated in overlying carbonate-
bearing reduced beds (Van Eden, 1978; Swenson and others, 
2004). The Upper Cuvo Formation includes thin beds of anhy-
drite, gypsum, and other salts, as well as finely bedded silt-
stones with plant and coal remains. Toward the center of the 
basin, the Upper Cuvo Formation passes laterally into and is 
overlain by a sequence of saline evaporitic cycles and calcare-
ous units including the Loeme, Quianga, Binga, and Tuenza 
Formations. No evaporite minerals, which would indicate a 
brine source, are known to be in the rock units underlying 
the copper mineralization in the onshore part of the Cuanza 
Basin. In-place fluids likely were mobilized due to compaction 
by rapidly deposited sediments. Mobilized fluids could have 

migrated to the basin margins through the Lower Cuvo Forma-
tion. The stratigraphic transition from the oxidized red beds to 
the overlying reduced dolomitic-calcareous rocks of the Upper 
Cuvo Formation represents a marine transgression, which is 
termed a flooding surface. The redox boundary for the red-bed 
copper mineralization is in the oxidized clastic Lower Cuvo 
Formation where coaly plant remains and fragments served 
as reductants to the mineralizing solutions (Van Eden, 1978). 
Anhydrite and halite of the Loeme Formation (fig. 2-10; 
Brognon and Verrier, 1966), which directly overlies the Upper 
Cuvo Formation, likely served as seal rocks that supported 
recirculation of copper-rich fluids.

Principal Sources of Information

Principal sources of information for the assessment 
included a 1:1,000,000-scale geologic map of Angola (de 
Carvalho, 1980–82) and a 1:1,000,000-scale mineral resource 
map of Angola (de Araûjo and Perevalov, 1998). World min-
eral deposit databases from the USGS (Cox and others, 2003) 
and Geological Survey of Canada (Kirkham and others, 1994; 
Kirkham and others, 2003) provided information on mineral 
deposits and occurrences. Additional resources include a pub-
lication on stratiform copper mineralization of Angola by Van 
Eden (1978) and a 1:5,000,000-scale digital metallogenic map 
of Africa (Veselinovic-Williams and Frost-Killian, 2003).

Egypt–Israel–Jordan Rift, Egypt, 
Israel, and Jordan—Assessment Tract 
002rfCu2001

Sedimentary rocks of the Cambrian Nasib, Timna, and 
Burj Formations in Egypt, Israel, and Jordan, respectively, 
contain reduced-facies stratabound copper mineralization. 
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Copper deposits and occurrences are localized in an east-west 
belt that follows a facies change from marine carbonate rocks 
in the north to near-shore sandstone in the south. This belt 
extends into the subsurface eastward from Feinan, Jordan, 
and westward from Timna, Israel. The Egypt–Israel–Jordan 
Rift permissive tract area delineated during this study is about 
26,000 km2; the tract contains 4 deposits and 12 occurrences 
(fig. 1-5).

Tectonic Setting

Proterozoic collisional tectonics (900 to 620 Ma) sutured 
numerous fragments of the Arabian-Nubian shield (fig. 2-11) 
in the closing stages of the East African Orogeny during the 
final amalgamation of Gondwana (Husseini and Husseini, 
1990; Johnson and others, 2011). Isostatic uplift of the sutured 
basement resulted in a laterally extensive erosional surface 
along the northern margin of Gondwana that was unconform-
ably overlain by Neoproterozoic to Cretaceous sedimentary 
and volcanic rocks (Amireh and others, 2008; Johnson and 
others, 2011). Cambrian platform sedimentary rocks that 
overlie Neoproterozoic rift basins developed on the Arabian-
Nubian shield host copper deposits in Egypt, Israel, and Jor-
dan. In this region, metavolcanic and metasedimentary rocks 
intruded by calc-alkaline granitoids make up the basement 
complex (Amireh and others, 2008).

The tectonic setting shifted from compressional to 
extensional at about 620 Ma (Ediacaran Period of the Neo-
proterozoic Era) when isolated basins opened along the edge 
of Gondwana in what is now South Oman, the Arabian Sea, 
central Iran, and Pakistan (fig. 2-11; Husseini and Husseini, 
1990). Two other related rift systems are proposed in areas 
now largely covered by younger sedimentary deposits: (1) the 
Jordan Valley Rift which extends north from the Sinai Pen-
insula across the Jordan Valley to southeast Turkey and (2) 
the Egypt Rift which extends west from the Sinai Peninsula 
and North Egypt to northeast Africa. The Jordan Valley Rift 
was active from about 600 to 510 Ma, and the Egypt Rift was 
active from 600 to 540 Ma. The left-lateral Najd strike-slip 
fault system contemporaneously developed with the rift sys-
tems (fig. 2-11; Husseini and Husseini, 1990); small rift basins 
filled with Ediacaran stratified sediment formed along these 
faults (Johnson and others, 2011, 2013). In southern Jordan, 
seismic studies show the presence of a series of asymmetrical 
half grabens bounded by listric faults and filled with Ediacaran 
and Lower Cambrian strata (fig. 2-12; Amireh and others, 
2008).

Following the rifting event, a marine transgression of 
the proto-Tethys ocean covered an expansive area of northern 
Africa and Arabia, resulting in deposition of marine clastic 
sediments (for example, the Cambrian Salib Arkosic Sand-
stone Formation) and then marine carbonate sediments (the 
Cambrian Burj Formation) (fig. 2-12; Husseini and Husseini, 
1990; Amireh and others, 1994, 2008). Subsequently, as much 
as 2 km of clastic sediment accumulated atop the carbonate 
material (Amireh and others, 2008).

Fission-track thermochronology of annealed grains from 
the Cambrian sandstone (Vermeesch and others, 2009) and 
K-Ar and Rb-Sr dates from the illite clay fraction of Cam-
brian Timna Formation dolostone (Segev and others, 1985) 
indicate a regional tectonothermal event that is interpreted as 
a partial basin inversion around 380 to 365 Ma (in the Devo-
nian Period). Since the Miocene, landmasses on either side of 
the Dead Sea Transform Fault were offset by about 110 km 
in a left-lateral direction (Quennell, 1958; Freund and others, 
1970; Garfunkel, 1981; Hatcher and others, 1981; ten Brink 
and others, 2007).

Stratigraphy

Ediacaran continental sedimentary and volcanic material 
was deposited in the extensional basins associated with the 
Najd strike-slip fault system (fig. 2-11; Johnson and others, 
2011, 2013). In the Hammamat and Thalbah Basins in the 
northeastern desert of Egypt and northwestern Saudi Arabia, 
respectively, rocks include approximately 4,000 m of cobble 
and boulder polymict conglomerate, pebbly sandstone, purple 
sandstone, siltstone, and mudstone (fig. 2-11; Johnson and 
others, 2013). In Jordan, rocks of the Umm Ghaddah Forma-
tion (a fining-upward sequence of terrestrial conglomerates 
and sandstones) and underlying Sarmuj Conglomerate, Hiyala 
Volcaniclastic Formation, and the Aheimir Volcanic Suite 
were deposited in northeast-trending, elongated rift basins (fig. 
2-12; Amireh and others, 2008). The Hiyala Volcaniclastic 
Formation, not shown in figure 2-12, overlies the Sarmuj Con-
glomerate and underlie the Aheimir Volcanic Suite (Amireh 
and others, 2008, table 1). The Aheimir volcanic suite is com-
posed of lava flows and pyroclastic rock made up of lithic tuff 
and ignimbrite material with compositions including basaltic 
trachyandesite, trachyandesite, trachyte/trachydacite, and 
rhyolite (Jarrar and others, 2012). The Ghuweir volcanic rocks 
in the Wadi Araba area of southwest Jordon are predominantly 
basaltic to andesitic rocks (Jarrar and others, 2008).

The overlying Cambrian continental sedimentary rocks 
include the laterally equivalent Salib Formation in Jordan, 
the Amudei Shelomo Formation in Israel, and the Serabit 
el-Khadim member in Egypt (fig. 2-13; El Sharkawi and 
others, 1990; Kolodner and others, 2006). Calcareous rocks 
of the Burj Formation in Jordan and the Timna Formation in 
Israel record a marine transgression and directly overlie red 
beds. In Egypt, calcareous rocks of the Carboniferous Umm 
Bogma Formation overlie the Cambrian Adedia, Nasib, and 
Abu Hamata Formations, which overlie Cambrian Serabit el-
Khadim red beds (El Sharkawi and others, 1990).

The Lower to Middle Cambrian Burj Formation consists 
of as much as 130 m of dolomite, sandstone, siltstone, and 
shale (figs. 2-13 and 2-14; Kolodner and others, 2006). The 
Timna Formation is a Lower to Middle Cambrian mixed silici-
clastic and carbonate unit that includes dolomite, sandstone, 
siltstone, and shale. The Timna Formation is as much as 49 m 
thick (Kolodner and others, 2006). The Cambro-Ordovician 
Nasib Formation (about 45 m total thickness) is divided into 
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Figure 2-12.  Geologic cross section based on a seismic profile through southern Jordan that shows the transgressive sequence of the 
Salib Arkosic Sandstone Formation and the Burj Formation overlying a series of half grabens filled with volcanic rocks (Aheimir Volcanic 
Suite) and red beds (Umm Ghaddah Formation). Modified from Amireh and others (2008). Location of cross section A–A' is shown in 
figure 2-11.
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Figure 2-13.  Stratigraphic columns of lower Paleozoic sedimentary rocks showing the position of copper mineralization in Early to 
Middle Cambrian strata, Egypt–Israel–Jordan Rift, Egypt, Israel, and Jordan. Column for Timna, Israel, and for Feinan, Jordan, modified 
from Kolodner and others (2006). Column for Egypt modified from El Sharkawi and others (1990). Stratigraphic position of copper 
mineralization for Israel and Jordan is from the current study. N/A, not available.
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Figure 2-14.  Stratigraphic columns of Early to Middle Cambrian rocks in Jordan showing the lateral facies change from carbonates of 
the Burj Formation in the north to sandstones of the Wadi Abu Khushaybah Formation to the south. Copper mineralization occurs in both 
the Burj and Wadi Abu Khushaybah Formations. Modified from Bender (1965).
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a lower member of conglomerate and sandstone and an upper 
member of siltstone and shale (El Sharkawi and others, 1990).

The host rocks for copper mineralization are from the 
Burj (Jordan), Timna (Israel), and Nasib (Egypt) Formations. 
The permissive tract delineated for this area (figs. 2-11 and 
2-15) is based on projecting the Timna and Burj Formations 
to a maximum depth of 2 km. These two formations record a 
transition from marine to coastal and near-shore facies, result-
ing from a marine transgression. In selecting the assessment 
unit, it is presumed that oxidizing metalliferous brines derived 
from the Cambrian depocenters to the north moved upsection 
to the south and dissolved copper from coarse arkosic red beds 
in Infracambrian rift basins and perhaps subjacent basement 
rocks (Burgath and others, 1984; Beyth, 1987). The mobile 
metalliferous brines reacted with the organic matter of the 
Timna Formation and Burj equivalents (deposited from the 
first postrift marine transgression), reducing sulfate to sulfide 
and precipitating copper as sulfides at temperatures less than 
93 °C, at which djurleite is stable (Roseboom, 1966; Shlomov-
itch and others, 1999).

The Amudei Shelomo (Israel) or Salib (Jordan) Forma-
tions that represent the rift basins, crop out to the north of the 
Khirbet en Nuhas deposit and extend southeastward in Jordan 
(fig. 2-15; Amireh and others, 2008). The basins also extended 
in north-south-elongate troughs into Jordan and Iraq (Jassim, 
2006, p. 34). The shelf carbonate rocks that host ore miner-
als in Israel and Jordan extend northeastward into Syria and 
northern Iraq and probably into central Iran, Afghanistan, and 
Pakistan (Husseini and Husseini, 1990). The north-to-south 
transition from marine carbonate, sandstone, siltstone, and 
shale rocks to coastal and nearshore sandstone rocks extends 
westward from Israel into northern Africa and eastward into 
Jordan (Guiraud, 1999, table 1 and fig. 2; Al-Laboun, 1993, p. 
64–65). Only part of the shelf carbonate sequence is thought 
to be permissive for sediment-hosted stratabound copper 
mineralization.

In Israel, copper mineralization is localized in an 
approximately 50-km-wide zone where the host rocks change 
from coastal and nearshore sandstone in the south to marine 
carbonate rocks in the north (fig. 2-15). In Israel, the Timna 
Formation contains ore-grade mineralization in the Timna Val-
ley outcrop exposures, but in the Sinaf-1 drill hole, 39 km to 
the north (fig. 2-15), the Timna Formation dolostone contains 
from 8 to 241 parts per million (ppm) copper, of which the 
higher values are anomalous, but not ore grade (Segev and 
Sass, 1989, p. 653). At the Har Amram outcrops, 10 km south 
of the Timna deposit, the rocks are not mineralized. Thus, 
a north-south belt less than 50-km wide appears to be min-
eralized. The mineralized belt that parallels (east-west) the 
important facies change from marine rocks to sandstone is the 
permissive unit used to delineate the tract.

The Dead Sea Transform Fault offsets the permis-
sive tract (fig. 2-15). The deposits near Timna, in Israel, and 
Feinan, in Jordan, formed adjacent to each other in the same 
belt of permissive rocks and are piercing points indicat-
ing about 110 km of left-lateral offset along the Dead Sea 

Transform Fault since initiation of seafloor spreading in the 
Red Sea in the early Miocene (figs. 2-11 and 2-15) (Quennell, 
1958; Freund and others, 1970; Garfunkel, 1981; Hatcher and 
others, 1981; ten Brink and others, 2007). Figure 2-16 shows 
approximate boundaries that limit the permissive tract on cross 
sections. The steep topographic rise just east of the Dead Sea 
Transform Fault, near Feinan in Jordan (cross section C-C’ in 
figure 2-16), accounts for the relatively small area of the per-
missive tract above 2 km depth in Jordan. In contrast, the area 
of permissive rock within 2 km of the surface is larger on the 
Israeli side of the transform. The cross sections show that dips 
are shallow on both sides of the transform. A 50-km-wide belt 
of rocks, including the Feinan deposit and parallel to the facies 
change, was extended east into Jordan and truncated where 
permissive-formation depths exceed 2 km (Rybakov and 
Segev, 2004). From the Timna area, the tract was extended to 
the west as far as the subsurface projection of permissive units 
to a depth of 2 km (Rybakov and Segev, 2004). The depth 
limit (fig. 2-15) defines the north-northwestern tract boundary.

The tract was extended westward across the Sinai Penin-
sula to include eight copper occurrences that are in outcrops 
of the Cambrian Nasib Formation. On the west side of the Red 
Sea, the tract was extended to include the Wadi Araba occur-
rence in the eastern desert of Egypt (fig. 2-15). The southern 
boundary of the tract connects the Har Amram unmineralized 
outcrops south of Timna (fig. 2-15) with the southern part 
of the area of copper occurrences in the Nasib Formation of 
Egypt. A belt of Cambrian outcrops that crosses the Sinai 
Peninsula to the south and east is excluded. Also excluded are 
unmineralized outcrops preserved in horst blocks along the 
coast of the Gulf of Suez. Lastly, an area of unmineralized 
Cambrian outcrops in the eastern desert south of Wadi Araba 
is excluded. All three of these outcrop areas are excluded 
because no copper minerals are observed in outcrop, so it is 
clear they are not permissive for undiscovered copper. None-
theless, a sizable part of the tract lies to the north and north-
west of the Wadi Araba occurrence.

Deposits and Occurrences

Cambrian sedimentary rocks in Egypt, Israel, and Jordan 
host 4 deposits and 12 occurrences (figs. 2-15 and 2-17; table 
2-3). Archaeological studies have established that the Feinan 
area in Jordan and the Timna area in Israel were among the 
first copper deposits mined on a small industrial scale (fig. 
2-17; Rothenberg and Merkel, 1995; Weisgerber, 2006; Haupt-
mann, 2007). More than 100 chalcolithic mines in the Feinan 
area date from the fourth millennium B.C. (Weisgerber, 2006). 
Distinctive pieces of tile ore found at the chalcolithic metal-
lurgical site of Shiqmim in the northern Negev Desert (Golden 
and others, 2001) resemble ores unique to the massive brown 
sandstone of the Umm Ishrin Formation (fig. 2-13) at Feinan 
(Rabb’a and Nawasreh, 2006). An extensive trade network 
may have brought raw materials from Feinan to Shiqmim 
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and similar chalcolithic sites near Shiqmim in the southern 
Levant5.

During the third millennium B.C., mining at Feinan 
shifted from copper ores in the Massive Brown Sandstone to 
dolomite-limestone-shale, and large-scale smelting was done 
on site (Weisgerber, 2006). Excavations of the Iron Age cop-
per production site at Khirbat en-Nahas (Feinan) provide the 
first stratified radiocarbon dates from the Biblical region of 
Edom (Levy and others, 2004). Use of the deposits at Feinan 
and Timna continued through the heights of the Egyptian and 
Assyrian civilizations, reaching historical peak production 
during the time of Roman occupation (beginning about 64 
B.C. and ending about the middle of the 4th century A.D.).

In 2004, Mexican steel producer Altos Hornos de México 
SA (AHMSA), set up a subsidiary in Israel named Arava 
Mines and conducted a study to determine if Timna could 
become productive using solvent extraction-electrowinning. At 
one point, AHMSA reported resources of more than 500 mil-
lion metric tons of ore at an unannounced grade (Altos Hornos 
de México, 2008). The Israeli government initially offered a 
grant to support the reopening effort but later rescinded the 
offer. In response, AHMSA suspended their work at Timna in 
2009 (Coren, 2009).

In Jordan, the Feinan deposit and adjacent areas were 
explored following the work of Bender (1965, 1975a). 
Trenching and drilling by the Mining Division of the Jorda-
nian Natural Resources Authority during 1966, 1967, 1972, 
and 1973 led to the delineation of 19.8 million metric tons of 
measured and indicated resources with an average grade of 

1.36 percent copper and another 15.9 million metric tons of 
inferred resources at the same grade at Feinan (Nimry, 1973). 
Subsequent trenching identified 25 million metric tons of 
inferred resources at 2.33 percent copper at Khirbet en Nuhas 
and average grades of about 0.8 percent copper in near-surface 
mineralization at Wadi Umm El Amad. Research by the Jor-
danian Natural Resources Authority also identified 8 million 
metric tons of 0.6 percent copper in sandstones at Wadi Abu 
Khushaybah (Rabb’a and Nawasreh, 2006). Both the Feinan 
and Khirbet en Nuhas deposits are unlikely to be mined in 
the near future because they are within the Dana Biosphere 
Reserve (also known as Dana Nature Reserve). Wadi Umm 
El Amad and Wadi Abu Khushaybah are better candidates for 
future mining because they are outside the Dana Biosphere 
Reserve and the Petra Archeological Park, a World Heritage 
Site (fig. 2-17).

The Egyptian copper occurrences in western Sinai 
include the minerals malachite, chrysocolla, atacamite, azurite, 
turquoise, langite, spangolite, shattuckite, and crednerite, in 
descending order of approximated abundance (Hilmy and 
Mohsen, 1965). Several of the occurrences were turquoise 
mines for the pharaohs. Serabit el-Khadim (fig. 2-15) is the 
location of a shrine to the Egyptian goddess Hathor, also 
known as the “Lady of Turquoise” (Lankester, 2012). Carved 
reliefs that date to the third dynasty pharaohs Djoser (2668-
2649 B.C.) and Sneferu (2649-2609 B.C.) were discovered at 
Wadi Maghara (Rothenberg, 1979). Wadi Maghara is a World 
Heritage Site, and Serabit el-Khadim is an Egyptian national 
monument.

Name Latitude Longitude Country
Major  

commodities
Ore minerals

Resources 
(unmined)

Citation

Reduced-facies deposits

Feinan 30.643 35.508 Jordan Cu, Mn Ccl, Mal, Az, 
Pyl, Holcor

35. 7 Mt at 
1.36% Cu

Nimry (1973); Kirkham and 
others (1994); Rabb'a and 
Nawasreh (2006)

Khirbet en 
Nuhas 

30.681 35.436 Jordan Cu Ccl, Mal, Az 25 Mt at 
2.33% Cu

Rabb'a and Nawasreh (2006)

Timna 29.767 34.950 Israel Cu, U, Zn Dj, Patc, Ccl, 
Mal, Pyl, 
Holcor

28.4 Mt at 
1.51% Cu 
(see text)

Amit Segev, Geological Sur-
vey of Israel, oral commun., 
1986); Segev and Beyth 
(1986); Kirkham and others 
(1994); Rabb'a and Nawas-
reh (2006)

Sandstone-copper deposit

Wadi Abu 
Khushaybah 

30.262 35.318 Jordan Cu Ccl, Mal, Az 8 Mt at 
0.65% Cu

Rabb'a and Nawasreh (2006)

Table 2-3.   Sediment-hosted stratabound copper deposits in Early to Middle Cambrian rocks of the Egypt–Israel–Jordan Rift in Egypt, 
Israel, and Jordan.

[Abbreviation of mineral names: Az, azurite; Ccl, chrysocolla; Dj, djurleite; Holcor, hollandite–coronadite solid solution; Mal, malachite; Patc, paratacamite; 
Pyl, Pyrolusite. Mt, million metric tons; %, percent]

5The eastern part of the Mediterranean, with its islands and adjoining 
countries.
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Mineral System Components 

A copper source, evaporite-bearing rocks, oxidized 
subsurface fluids, and confining rocks likely were present in 
the Egypt–Israel–Jordan mineralizing system. Specific copper 
source beds for this area are not identified. By analogy with 
other reduced-facies mineralizing systems, the Salib, Amudei 
Shelomo, and Serabit el-Khadim units contain coarse, arkosic 
red beds that are candidates for the rocks from which copper 
was leached (fig. 2-13). Upper Neoproterozoic and Lower 
Cambrian evaporite minerals (for example, the Hormuz of the 
Persian Gulf region (fig. 2-11) were deposited in areas to the 
east and perhaps north of the copper host rocks. The near-
est known evaporite minerals are found about 675 km east to 
northeast of Feinan, between Ar Rutbah and Ar Ramādī, Iraq 
(Jassim, 2006, p. 93). These evaporite minerals could have 
partially dissolved in the subsurface to provide highly saline 
groundwater needed to transport copper in high concentra-
tions (Rose, 1976). Oxidizing metalliferous brines likely 
dewatered from near the Cambrian depocenters to the north 
and then moved upsection to the south, dissolving copper from 
the Amudei Shelomo and Salib coarse arkosic red beds and 
perhaps subjacent copper-rich basement rocks (Burgath and 
others, 1984).

Mineralization may have formed in the Early Devonian 
from a gravity-driven fluid circulation system that developed 
when the northern basin margin was tectonically elevated. 
Metal-rich dolomite in the Timna Formation and barite and 
(or) apatite in the Shehoret sandstone (Weissbrod and Nach-
mias, 1986) could be alteration products that mark some of 
the paths taken by the metalliferous brines. A thermal event at 
380–365 Ma possibly dates this second mineralization, which 
was recorded by annealed zircons in the sandstone (Vermeesch 
and others, 2009) and by illite in dolostone (Segev and others, 
1985).

Metalliferous brines likely reacted with the organic 
matter in the Timna Formation and equivalents in Egypt and 
Jordan, thereby reducing sulfate to sulfide and precipitating 
copper as sulfide minerals. Marine carbonaceous strata of the 
Burj, Timna, and Middle Araba Formations overlie continental 
clastic Salib, Amudei Shelomo, and basal Middle Araba and 
Serabit el-Khadim Formations. The stratigraphic bases of the 
Timna Formation in Israel, Burj Formation in Jordan, and 
Nasib Formation in Egypt are laterally continuous flooding 

surfaces (marine transgressive disconformities) that are con-
sidered to be confining beds as well as host rocks.

Principal Sources of Information

The permissive tract was delineated using geologic maps 
ranging in scale from 1:20,000 to 1:5,000,000 (table 2-4). 
Information on deposits and occurrences was obtained from 
various cited published reports, a mineral deposit database of 
the world (Kirkham and others, 1994), and a 1:20,000-scale 
geologic map of the Timna Valley (Segev and Beyth, 1986).

Redstone Copperbelt, Canada—
Assessment Tract 003rfCu3000

The Redstone Copperbelt hosts reduced-facies strat-
abound copper deposits and occurrences in Neoproterozic 
sedimentary rocks of the Mackenzie Mountains Supergroup 
and the Windermere Supergroup in the Mackenzie Mountains, 
Northwest Territories, Canada (fig. 2-18). The northwest-
trending arcuate belt extends for more than 350 km. There 
are 3 deposits and 46 occurrences (fig. 1-6) within the Little 
Dal Group of the Mackenzie Mountains Supergroup and the 
overlying Coates Lake and Rapitan Groups of the Windermere 
Supergroup (fig. 2-19).

Tectonic Setting

As a part of the Foreland Belt in the Canadian Cordil-
lera (Monger and Price, 2002), the Mackenzie Mountains are 
composed of Neoproterozoic rock units that form an elongated 
arcuate belt striking north-northwest (Rainbird and others, 
1996). This belt reflects the position of the Laurentian plat-
form margin (fig. 2-18; Rainbird and others, 1996) and may 
be part of a large intracratonic basin that rifted apart in the 
breakup of the supercontinent Laurentia during the Neopro-
terozoic (Ross, 1991; Rainbird and others, 1996). Sediment 
accumulated in the Mackenzie platform area from the Neo-
proterozoic Era to at least the Devonian Period (Rainbird and 
others, 1996; Thorkelson and others, 2005).

Five stratigraphic packages are exposed in the Macken-
zie Mountains in the Northwest Territories of Canada: (1) the 

Map name Scale Citation

Geologic map of the Timna Valley 1:20,000 Segev and Beyth (1986)
Geologic map of Israel 1:200,000 Sneh and others (1998)
Geologic map of Egypt 1:500,000 Klitzsch and others (1987)
Geologic map of Jordan 1:500,000 Bender (1975b)
Geologic map of Egypt 1:2,000,000 Egyptian Geological Survey and Mining Authority (1981)
Geology of the Arabian Peninsula 1:5,000,000 Pollastro and others (1997)

Table 2-4.   Geologic maps used by the assessment team for the Egypt–Israel–Jordan Rift.
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Neoproterozoic Mackenzie Mountain Supergroup, formed in 
an intracratonic basin; (2) the Neoproterozoic Windermere 
Supergroup, deposited in rift and passive-margin settings; (3) a 
succession of latest Precambrian to Cambrian rocks, depos-
ited in shelf, ramp, and deep-water settings along a passive 
margin; (4) Upper Cambrian to lower Silurian rocks, forming 
the Mackenzie Platform; and (5) Devonian rocks including 
shallow-water carbonate and evaporite units, which are over-
lain by shales (Dewing and others, 2006).

Terrane accretion in the Early Jurassic to Paleogene and 
Laramide Orogeny thrusting in the Late Cretaceous to early 
Eocene deformed the region (Chartrand and Brown, 1985). 
During the Laramide Orogeny, the rock units of the Mackenzie 
Mountains were thrust and folded into broad anticlines and 
synclines that are part of the Cordilleran fold and thrust belt 
(Chartrand and Brown, 1985).

Stratigraphy

Neoproterozoic strata of the Mackenzie Mountains are 
divided into the Mackenzie Mountains Supergroup and the 
Windermere Supergroup (fig. 2-19; Narbonne and Aitken, 
1995). The Neoproterozoic Mackenzie Mountains Supergroup 
(4–6 km thick) consists of shallow-water siliciclastic and 
carbonate strata deposited in fluvial and marine environments. 
From bottom to top, the Mackenzie Mountains Supergroup 
consists of the H1 Group (shallow-marine dolostone), the 
Tsezotene Formation (offshore mudstone and siltstone), the 
Katherine Group (cyclical, formation-scale marine siltstone 
and fluvial quartz arenite units), and the Little Dal Group 
(shallow marine carbonate and evaporite rocks) (Turner and 
Long, 2008). The unconformably overlying Windermere 
Supergroup (5–7 km thick) is made up of basal rift depos-
its and glacial diamictites (Coates Lake Group and Rapitan 
Group) that are overlain by three kilometer-scale siliclastic to 
carbonate cycles (Narbonne and Aitken, 1995; Rainbird and 
others, 1996; Batten and others, 2004).

Syndepositional Neoproterozoic subbasins in parts of the 
Mackenzie Mountains and Windermere Supergroups are indi-
cated by abrupt changes in stratigraphic thickness and lithofa-
cies patterns over short distances parallel and perpendicular to 
depositional strike (fig. 2-20; Jefferson, 1983; Jefferson and 
Parrish, 1989; Turner and Long, 2008). Unit thickness and 
facies patterns in the Katherine Group and the lower part of 
the Little Dal Group indicate that the succession developed 
over a segmented extensional margin marked by listric and 
transfer faults (Turner and Long, 2008). The Coates Lake and 
Rapitan Groups of the Windermere Supergroup were depos-
ited in widening rift valleys (Narbonne and Aitken, 1995). 
The Coates Lake Group shows marked variation in facies 
and is confined to a number of embayments6 that are thought 
to be fault-bounded subbasins (Jefferson, 1983; Jefferson 

and Ruelle, 1986; Aitken, 1991). The Neoproterozoic Thun-
dercloud Formation at the base of the Coates Lake Group 
consists of meter-scale cycles of red-bed siliciclastic rocks 
grading upward into peritidal carbonates. The overlying Neo-
proterozoic Redstone River Formation varies laterally from 
fanglomerates to red mudstones and continental evaporites 
from embayment margins to centers. The overlying lime-
stone material of the Neoproterozoic Coppercap Formation 
was deposited in a restricted marine or lacustrine setting. The 
Neoproterozoic Sayunei and Shezal Formations of the Rapitan 
Group accumulated in widening rift basins (Narbonne and 
Aitken, 1995). The base of the group is strongly unconform-
able where it overlies the Mackenzie Mountains Supergroup 
(Aitken, 1991; Narbonne and Aitken, 1995). The Sayunei 
Formation consists of slope and deep-water red mudstone 
with jasper-hematite iron formations near the top of the unit 
(Narbonne and Aitken, 1995). Glacial processes are indicated 
by dropstones and extrabasinal boulders. The Shezal Forma-
tion consists of greenish boulder diamictites (Narbonne and 
Aitken, 1995; Hoffman and Halverson, 2011). These deposits 
have been correlated with the global Sturtian glacial event 
(Hoffman and Halverson, 2011). A major marine transgression 
followed the Rapitan glaciation.

The Little Dal basalt locally overlies the strata of the 
Mackenzie Mountains Supergroup and underlies the Coates 
Lake Group (fig. 2-19; Long and Turner, 2014). The lavas 
of the Little Dal are continental tholeiites and are thought to 
be part of the same magmatic event that formed the Tsezo-
tene Sills which have a U-Pb baddeleyite age of 779 ± 2 Ma 
(Dudás and Lustwerk, 1997). Sandeman and others (2014) 
propose that the Little Dal basalt and the Tsezotene sills are 
part of the Gunbarrel Igneous Event. Rocks related to this 
magmatic event extend from the Mackenzie Mountains to 
Wyoming and could be related to an upwelling mantle plume 
associated with the protracted Late Proterozoic rifting of the 
western margin of ancestral North America. These rocks con-
strained the timing of rift initiation that led to the deposition of 
the Coates Lake Group.

Deposits and Occurrences

Three sediment-hosted stratabound copper deposits and 
46 occurrences (table 2-5; figs. 2-21 and 2-22) are known 
within the Redstone Copperbelt. In 1962, the Redstone 
Copperbelt was discovered, and exploration was conducted 
by Redstone Mines Ltd. from 1962 to 1970, Cerro Mining 
Company of Canada from 1970 to 1972, and Shell Canada 
Resources Ltd. and Rio Tinto Canadian Exploration Ltd. from 
1973 to 1976 (Northwest Territories Geoscience Office, 2010).

The most economically favorable sites are reduced-facies 
deposits and occurrences associated with the contact between 
continental red beds of the Redstone River and shallow marine 

6Downwarped areas containing stratified rocks, either sedimentary, volca-
nic, or both, that extends into a terrain of other rocks (Neuendorf and others, 
2005).
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carbonate rocks of the overlying Coppercap Formations (fig. 
2-23; Ruelle, 1982; Jefferson, 1983). Deposits and occurrences 
are localized in areas where the Coppercap Formation overlies 
three fault-bounded subbasins (embayments) that have thicker 
accumulations of the Redstone River Formation than areas 
outside the subbasins (Jefferson and Parrish, 1989). The larg-
est deposit, Coates Lake in the Coates Lake Embayment (fig. 
2-22), occurs in a 1-m-thick bed that underlies an area of at 
least 12 km2; grade and thickness are uniform along strike (for 
6,000 m) and down dip (to 2,400 m). Rock units are truncated 
to the west by a high-angle reverse fault (fig. 2-23). Drill-
indicated resources are about 37 million metric tons, averaging 
3.92 percent copper and 11.3 gram per ton of silver (Ruelle, 
1982). Fully diluted, the resource estimate is 61.7 million 
metric tons, containing 2.13 percent copper (Gourlay, 2005). 
Detailed drilling on two deposits in the Keele River Embay-
ment, Jay and June Creek, has shown that mineralization is 
controlled by abrupt facies changes in places and cuts facies 
boundaries in other places. The mineralized zones may be 
sinuous over kilometers. Lateral dimensions are about 100 m 
or less. Drill-indicated thicknesses as great as 52 m, with grad-
ing of 2.3 percent copper were found at June Creek; average 
thickness is 12.5 m and average grade is 2.7 percent copper for 
the Jay deposit (Ruelle, 1982). Resources for the Jay deposit 
are 1.2 million metric tons, with grading of 2.7 percent copper; 
the June Creek deposit has 250,000 metric tons of ore contain-
ing 3.4 percent copper (Ruelle, 1982). Mineralization is open 
for both deposits.

In the Coates Lake area, the transition zone between the 
Redstone River and Coppercap Formations is as much as 110 
m thick and comprises as many as seven cycles of maroon, 
fine sandstone to mudstone rhythmites overlain by cuprifer-
ous, gypsiferous, cryptalgal laminated limestone beds (fig. 
2-24; Jefferson, 1978). The transition zone crops out continu-
ously for 11 km within the Coates Lake Embayment (fig. 2-22; 
Ruelle, 1982). The transition zone is characterized by mineral 
zoning (with the lowest mineralized bed containing chalcoc-
ite and minor bornite) through beds containing chalcopyrite, 
minor chalcocite, and minor bornite to the upper beds, which 
contain pyrite (fig. 2-24; Ruele, 1982; Chartrand and others, 
1989). In the Keele River and Hayhook Lake Embayment 
areas, the transition zone consists of a single cryptalgal-lam-
inated unit that is as much as 8 m thick (figs. 2-21 and 2-22; 
Ruele, 1982).

Copper occurrences are also found in the Redstone River 
Formation and the Rapitan and Little Dal Groups (figs. 2-19, 
2-21, and 2-22; Jefferson, 1983; Jefferson and Parrish, 1989; 
Northwest Territories Geoscience Office, 2010). Examples in 
the Redstone River Formation include chalcocite and bornite 
mineralization associated with algal material and green cal-
careous mudstone interbeds within massive anhydrite units in 
playa lake facies as well as occurrences of chalcopyrite, pyrite, 
and minor bornite in the basal part of the fanglomerate facies 
(Ruelle, 1982). Vein- and breccia-hosted copper mineraliza-
tion is scattered throughout the Little Dal, Coates Lake, and 
Rapitan Groups (Jefferson, 1978, 1983).

In 1990, Redstone Mines Ltd. reviewed data, confirmed 
mapping, identified drill targets, and located potential drill 
sites. In 2005, Lumina Resources Corporation completed an 
exploration program and a regional geological evaluation of 
the Redstone Copperbelt (Gourlay, 2005). In 2006, Western 
Copper Corporation acquired Lumina Resources. In 2011, 
Copper North Mining Corporation was formed from Western 
Copper Corporation and had several discontinuous claims and 
leases spanning approximately 100 km in a northeast-south-
west orientation (Copper North Mining Corp., 2014).

Mineral System Components

Two primary copper sources and evaporite-bearing 
rocks were key components to this reduced-facies copper 
sediment-hosted stratabound mineralizing system. Oxidized 
red beds of the Neoproterozoic Redstone River (Chartrand and 
Brown, 1985) and Rusty Shale Formations (Jefferson, 1983) 
are considered the original copper source for the Redstone 
copper mineralization (table 1-1). The Little Dal Group also 
contains basalt that is thought to contribute copper to some 
sediment-hosted stratabound copper localities (fig. 2-19; 
Jefferson, 1983). Evaporite minerals of the Neoproterozoic 
Thundercloud and Gypsum Formations (Jefferson, 1983) may 
have dissolved and added salinity to ascending hydrothermal 
fluids. Early diagenetic compaction likely initiated migration 
of metal-bearing fluids toward the basin margin and upward. 
Copper-sulfide minerals formed where groundwater contain-
ing copper chloride came in contact with pyrite (Chartrand and 
Brown, 1985).

Name Latitude Longitude Ore minerals
Major  

commodities
Resources 
(unmined)

Subtype Citation

Coates Lake 62.700 –126.627 Bn, Cc, Ccp, 
Cv, Dg

Cu, Ag 61.7 Mt at 
2.13% Cu

Reduced-facies Ruelle (1982); Gourlay 
(2005)

Jay 63.772 –127.830 Ccp, Bn, Dg, 
Cc, Cv

Cu 1.2 Mt at 2.7% 
Cu

Reduced-facies Ruelle (1982); Kirkham 
and others (1994)

June Creek 63.831 –127.972 Ccp, Bn, Dg, 
Cc, Cv

Cu 250,000 t at 
3.4% Cu

Reduced-facies Ruelle (1982); Kirkham 
and others (1994)

Table 2-5.   Sediment-hosted stratabound copper deposits in the Redstone Copperbelt, Northwest Territories, Canada.

[Abbreviation of mineral names: Bn, bornite; Cc, chalcocite; Ccp, chalcopyrite; Cv, covellite; Dg, digenite. Mt, million metric tons; t, metric tons; %, percent]
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A redox boundary formed by the lithological contrast 
between oxidized clastic rocks overlain by reduced carbon-
ate rocks is a fundamental component in a reduced-facies 
sandstone-hosted stratabound-copper mineralizing system. 
The contrast between gray shallow marine carbonate rocks of 
the reduced lower Coppercap Formation and underlying con-
tinental red-bed strata of the oxidized upper Redstone River 
Formation formed such a redox boundary, which is where 
ascending fluids precipitated sulfide minerals. The redox 
boundary coincides with a flooding surface that represents a 
marine transgression.

Principal Sources of Information

Geologic maps, ranging in scale from 1:50,000 to 
1:250,000, were used for geologic and mineral deposit 
information for this assessment (table 2-6). These maps were 
published by the Northwest Territories Geoscience Office; the 
Geological Survey of Canada; and the Northwest Territories 
Geology Division, Department of Indian and Northern Affairs. 
The information for the three deposits discussed in this assess-
ment was sourced mostly from a Lumina Resources technical 
report on the Coates Lake copper deposit (Gourlay, 2005), 
Geologic Association of Canada Special Paper 25 (Ruelle, 
1982), and a mineral deposit database of the world (Kirkham 
and others, 1994). Information for the 46 mineral occurrence 
sites came from the Northern Minerals Database (NORMIN) 
(Northwest Territories Geoscience Office, 2011), Northwest 
Territories geologic maps (table 2-6), and a mineral deposit 
database of the world (Kirkham and others, 1994). The NOR-
MIN database maintains information on mineral showings and 
provides references to geology and mineral exploration in the 
Northwest Territories and Nunavut. Links to publicly available 

sources of information, including exploration company assess-
ment reports, are available through the NORMIN database. 
Numerous scientific publications describing the geology and 
mineral resources of the Redstone Copperbelt were also used 
in this assessment.

Dongchuan Group Rocks, South Central 
China—Assessment Tract 142rfCu4000

Sedimentary rocks of the Paleo- to Mesoproterozoic 
Dongchuan Group in the Sichuan and Yunnan Provinces of 
south central China host reduced-facies stratabound copper 
mineralization. The permissive rock units extend discontinu-
ously for about 390 km in a north-south direction with outcrop 
area totaling more than 2,170 km2 (fig. 1-7). There are 8 
deposits and 51 occurrences.

Tectonic Setting

The Kunyang Aulacogen, an intracratonic rift, developed 
on the western margin of the Yangtze Craton about 2 to 1.9 Ga 
(fig. 2-25; Hua, 1991; Lifang, 2002; Zhao and others, 2004; 
Zhao and others, 2010). The rift is associated with the breakup 
of the supercontinent Columbia. The early stage of the rift is 
characterized by voluminous volcanic eruptions, which are 
represented by alkaline mafic rocks in the Paleoproterozoic 
Dahongshan Group of Yunnan and the pre-Paleoproterozoic 
Hekou Formation of southwestern Sichuan (Hua, 1991). 
Sediments were deposited into elongated grabens associated 
with the aulacogen (Hua, 1991; Zhao and others, 2010). The 
sedimentary sequence begins with terrestrial red beds that are 

Map name Citation

1:50,000-scale

Geology of the Coppercap Mountain area Jefferson and Colpron (1998)
Preliminary geology of the Dal Lake area Colpron and Augereau (1998)
Geology of the Mount Kraft area Colpron and Jefferson (1998)

1:100,000-scale

Geology of Wrigley Lake, NTS 95M Northwest Fallas and others (2011)
Geology of Mount Eduni, NTS 106A Southwest Gordey and others (2011a)
Geology of Mount Eduni, NTS 106A Southeast Gordey and others (2011b)
Geology of Mount Eduni, NTS 106A Northwest Gordey and others (2011c)
Geology of Mount Eduni, NTS 106A Northeast Roots and others (2011a)
Geology of Sekwi Mountain, NTS 105P Northeast Roots and others (2011b)

Approx. 1:170,000-scale

Portion of Plateau Fault in NTS 95M MacNaughton and others (2008)
1:250,000-scale

Geology, Glacier Lake, District of Mackenzie Gabrielse and others (1973a)
Geology, Wrigley Lake area, District of Mackenzie Gabrielse and others (1973b)

Table 2-6.  Geologic maps used by the assessment team for the Redstone Copperbelt, Canada.
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overlain by lagoonal to tidal flat evaporite-bearing dolomitic 
rocks then marine black shale and carbonate rocks. These 
rocks were subsequently affected by the Late Proterozoic Jin-
ning Orogeny, the Paleozoic Panxi Rift event, and the Tertiary 
Himalayan Orogeny (Hua, 1991).

Stratigraphy

In the western Yangtze Craton, Proterozoic strata are 
distributed along the Luzhijiang Fault and bounded by subor-
dinate north-northeast-striking faults (fig. 2-25). Fault contacts 
between rock packages led to confusion about stratigraphic 
associations; however, recent isotopic dating has clarified 
the stratigraphic relations of Proterozoic rocks (Chang and 
others, 1997; Greentree and others, 2006; Zhang and others, 
2007; Sun and others, 2009; Wang and others, 2012). The 
following summary is based on descriptions by Sun and oth-
ers (2009) (fig. 2-26). The upper Paleoproterozoic to lower 
Mesoproterozoic Dongchuan Group, consisting of the Yinmin, 
Luoxue, Etouchang, and Luzhijiang Formations, underwent 
greenschist facies metamorphism; rocks of the group prob-
ably formed between about 1.7 to 1.5 Ga. In central Yunnan, 
the upper Mesoproterozoic to Neoproterozoic Kunyang Group 
consists, from the base upward, of the Dayingpan, Heishan-
tou, Dalongkou, and Meidang Formations. In Sichuan, strata 
equivalent to the Kunyang Group are called the Huili Group. 
Radiometric dates range from 1,258 ± 70 to 995 ± 15 Ma.

In central Yunnan, rocks of the Dongchuan Group record 
a change from a terrestrial to a marine or lacustrine paleoenvi-
ronment (fig. 2-26; Zhao and others, 2010). The stratigraphi-
cally lowest unit, the Yinmin Formation, has rhythmically 
interbedded sandstone and siltstone with a basal conglomerate 
layer. Except for the uppermost part of the sequence, these 
rocks are red beds deposited in a terrestrial fluvial environ-
ment (Ruan and others, 1991; Zhao and others, 2010, 2012). 
The Yinmin Formation is between 480 and 780 m thick (Zhao 
and others, 2010, 2012). Stratiform and discordant breccias 
within the Yinmin Formation are interpreted as former salt 
beds and salt domes (Ruan and others, 1991; Zhao and oth-
ers, 2012), and the upper part of the Yinmin Formation also 
contains pseudomorphs of halite and anhydrite (Hua, 1993). 
Interbedded volcanic rocks, including tuff and basalt, are 
found in the Yinmin Formation in Yunnan and in the partially 
correlative Paleoproterozoic Limahe Formation in Sichuan 
(fig. 2-26).

Marine carbonate rocks of the Paleoproterozoic Luoxue 
and Fengshan Formations overlie the fine to coarse conti-
nental clastic rocks of the Yinmin and Limahe Formations, 
respectively. The Luoxue Formation is mostly limestone and 
argillaceous to arenaceous dolostone units that formed in a 
restricted marine or lacustrine depositional environment (Zhao 
and others, 2010, 2012). Thickness of the Luoxue Formation 

ranges from 130 to 410 m (Ruan and others, 1991; Zhao and 
others, 2010, 2012).

Deposits and Occurrences

Rocks hosting reduced-facies-type stratabound copper 
only occur in the Dongchuan Group and the stratigraphically 
equivalent Huili Group. Reduced-facies-type sediment-hosted 
stratabound copper mineralization is localized near the contact 
between the Yinmin and the Luoxue Formations. The Luzhiji-
ang Formation contains minor copper deposits and a number 
of small zinc-lead deposits (Zhao and others, 2012). There 
are 8 deposits and 51 occurrences in the permissive Dongch-
uan Group rocks (figs. 2-27 and 2-28; table 2-7). More than 
90 percent of the reduced-facies copper mineralization is in 
the upper part of the Yinmin Formation and lower part of the 
Luoxue Formation (fig. 2-29), and all deposits and occurrences 
reported here are in these two formations. Copper-bearing 
vein deposits are also located above some of the stratabound 
deposits (Ran, 1989a).

Tangdan, ShiShan, and Luoxue (table 2-7) are the larg-
est copper deposits hosted in Dongchuan Group rocks (figs. 
2-27 and 2-28). Within a cluster of deposits and occurrences 
in northern Yunnan (fig. 2-27), the Tangdan deposit has an 
estimated resource of 145.6 million metric tons of ore con-
taining 0.87 percent copper (Hua, 1990; Yikang, 2002). To 
the south, in central Yunnan, the ShiShan deposit (fig. 2-28) 
contains 52 million metric tons of ore with 1.09 percent cop-
per (Cox and others, 2003). The Luoxue deposit (fig. 2-27), 10 
km northwest of the Tangdan deposit in northern Yunnan, has 
49 million metric tons of ore containing 1.02 percent copper 
(Hua, 1990).

Copper-sulfide minerals and a variety of authigenic sili-
cate and carbonate minerals fill former pore spaces along the 
primary lamination of stromatolites in the Luoxue Formation 
(Ran, 1989a,b; Ruan and others, 1991; Zhao and others, 2012). 
The principal ore minerals are bornite, chalcopyrite, chal-
cocite, digenite, and covellite (table 2-7). The most common 
authigenic minerals are calcite and iron-rich dolomite; less 
common minerals include albite, ankerite, apatite, chlorite, 
hematite, potassium feldspar, quartz, sericite, and tourmaline. 
Authigenic albite, ankerite quartz, and potassium feldspar 
replace host rock dolomite (Ran, 1989a; Ruan and others, 
1991; Zhao and others, 2012).

Exploration in the Dongchuan mining district has an 
established history, and production was active as of 2014. 
Exploration was conducted from 1953 to 1959, and construc-
tion of the Dongchuan Mine started in 1958 (SNL Financial, 
2014). Production at the Yinmin and Lanniping Mines began 
in 1960, at the Luoxue Mine in 1970, and at the Tangdan 
Mazhugong Mine in 1977. In 2001, Dongchuan Mine opera-
tors planned to double production capacity, and in 2009 the 
mine was reported as still operational (SNL Financial, 2014).



Chapter 2.  Tectonics, Stratigraphy, and Economic Geology of Qualitatively Assessed Tracts    65

Si
lts

to
ne

 a
nd

 s
ha

le

Si
lts

to
ne

 in
te

rb
ed

de
d 

   
w

ith
 s

an
ds

to
ne

Sa
nd

st
on

e

Li
m

es
to

ne

M
ic

a 
sc

hi
st

Vo
lc

an
ic

 ro
ck

s 
w

ith
 

   
tu

ff 
an

d 
ba

sa
lt

D
is

co
nf

or
m

ity

EX
PL

A
N

AT
IO

N

Co
rr

el
at

io
n 

lin
e

D
ol

om
ite

Co
pp

er
 m

in
er

al
iz

at
io

n

01

2 01

234

M
IL

ES
KI

LO
M

ET
ER

S

G
eo

ch
ro

no
lo

gi
c 

da
te

s

Q
ua

l A
ss

es
s_

�g
2-

26
.a

i

Da
yi

ng
pa

n

Et
ou

ch
an

g

Lu
ox

ue
Yi

nm
in

Lu
zh

iji
an

g

M
ei

da
ng

Da
lo

ng
ko

u

He
is

ha
nt

ou

Li
th

ol
og

y
Kunyang

Ce
nt

ra
l Y

un
na

n

So
ut

h

N
or

th

Kunyang

Huili

Li
th

ol
og

y

Sa
ha

ig
ou

/
M

ao
ca

of
an

g

Ca
iy

ua
nw

an

W
an

gc
ha

ng

Da
yi

ng
pa

n

He
sh

an

Qu
in

gl
on

gs
ha

n/
Lu

zh
iji

an
g

Xi
ao

he
ko

u

Yi
nm

in

Lu
ox

ue

N
or

th
er

n 
Yu

nn
an

Pi
ng

di
ng

sh
an

So
ut

he
rn

 S
ic

hu
an

Fe
ng

sh
an

Dongchuan Dongchuan Dongchuan

Dongchuan

Ti
an

bo
as

ha
n

Li
m

ah
e

To
ng

an

He
ko

u

Li
th

ol
og

y

Fo
rm

at
io

n
Gr

ou
p

Fo
rm

at
io

n

Fo
rm

at
io

n

95
5 

± 
15

 M
a 

(G
re

en
tre

e 
an

d 
ot

he
rs

, 2
00

6)
; 

  1
03

2 
± 

9 
M

a 
(Z

ha
ng

 a
nd

 o
th

er
s,

 2
00

7)
 

11
42

 ±
 1

6 
M

a 
(G

re
en

tre
e 

an
d 

ot
he

rs
, 2

00
6)

;
  1

25
8 

± 
70

 M
a 

(C
ha

ng
 a

nd
 o

th
er

s,
 1

99
7)

15
03

 ±
 1

7 
M

a 
(S

un
 a

nd
 o

th
er

s,
 2

00
9)

16
07

 ±
 1

28
 M

a 
(C

ha
ng

 a
nd

 o
th

er
s,

 1
99

7)

17
16

 ±
 5

6 
M

a 
(C

ha
ng

 a
nd

 o
th

er
s,

 1
99

7)

17
42

 ±
 1

3 
M

a 
(Z

ha
o 

an
d 

ot
he

rs
, 2

01
0)

1 2 3 4 5 6

Gr
ou

p

Gr
ou

p
1 2 3 4 5 6

Dongchuan

Fi
gu

re
 2

-2
6.

 
St

ra
tig

ra
ph

ic
 c

ol
um

ns
 

ill
us

tra
tin

g 
th

e 
po

si
tio

n 
of

 c
op

pe
r 

m
in

er
al

iza
tio

n 
in

 th
e 

Yi
nm

in
, L

uo
xu

e,
 

an
d 

Lu
zh

iji
an

g 
Fo

rm
at

io
ns

 in
 c

en
tra

l 
Yu

nn
an

 P
ro

vi
nc

e 
an

d 
th

ei
r l

at
er

al
 

eq
ui

va
le

nt
s 

in
 n

or
th

er
n 

Yu
nn

an
 a

nd
 

so
ut

he
rn

 S
ic

hu
an

 P
ro

vi
nc

es
 (m

od
ifi

ed
 

fro
m

 G
re

en
tre

e 
an

d 
ot

he
rs

, 2
00

6;
 Z

ha
o 

an
d 

ot
he

rs
, 2

01
0)

. G
eo

ch
ro

no
lo

gi
c 

da
te

s 
ar

e 
in

cl
ud

ed
 fo

r v
ar

io
us

 
fo

rm
at

io
ns

 w
ith

in
 th

e 
Do

ng
ch

ua
n 

an
d 

Ku
ny

an
g 

Gr
ou

ps
. C

op
pe

r m
in

er
al

iza
tio

n 
pl

ac
em

en
t i

s 
fro

m
 th

e 
cu

rr
en

t s
tu

dy
.



66    Qualitative Assessment of Selected Areas of the World for Undiscovered Sediment-Hosted Stratabound Copper Deposits
10

3°
 E

10
2°

 E

27
° 

N

26
° 

N

N
iu

ch
an

gp
in

g
Xi

nt
an

g
Lu

ox
ue

Yi
nm

in
La

n 
Yi

pi
ng

Ts
e 

Ji
an

gj
in

g

Le
ng

ch
an

gh
on

gf
a

Ta
ng

ta
ng

Yangtze River

La
oB

ei
Ch

un
g

Si
ke

sh
u

Co
ng

an
ho

ng
qi

go
u

To
ng

an
ho

ng
ya

n
Tu

ob
uk

a
To

ng
an

to
ng

ch
an

gd
in

g

To
ng

an
xi

ao
qi

ng
sh

an
Xi

nt
ia

n

Hu
iL

i

Ba
ix

ila
M

az
hu

do
ng

La
nn

ip
in

g

Sh
iji

an
gj

un

La
oB

ei
Ch

un
g

Si
ke

sh
u

Co
ng

an
ho

ng
qi

go
u

To
ng

an
ho

ng
ya

n
Tu

ob
uk

a
To

ng
an

to
ng

ch
an

gd
in

g

To
ng

an
xi

ao
qi

ng
sh

an
Xi

nt
ia

n

Hu
iL

i

SI
C

H
U

A
N

Y
U

N
N

A
N

Ba
ix

ila
M

az
hu

do
ng

Ta
ng

da
n

La
nn

ip
in

g

Sh
iji

an
gj

un

10
5°

 E
10

0°
 E

27
° 

N

24
° 

N

SI
C

H
U

A
N

Y
U

N
N

A
N

C
H

IN
A

Q
ua

l A
ss

es
s_

�g
2-

27
.a

i

G
U

IZ
H

O
U

Ar
ea

 o
f m

ap

Se
di

m
en

t-
ho

st
ed

 c
op

pe
r 

   
de

po
si

t

Se
di

m
en

t-
ho

st
ed

 c
op

pe
r 

   
oc

cu
rr

en
ce

Pa
le

op
ro

te
ro

zo
ic

 to
 lo

w
er

 M
es

o-
   

pr
ot

er
oz

oi
c 

pe
rm

is
si

ve
 g

eo
lo

gi
c 

   
un

itsEX
PL

A
N

AT
IO

N

Po
lit

ic
al

 b
ou

nd
ar

ie
s 

fro
m

 U
.S

. D
ep

ar
tm

en
t o

f S
ta

te
 (2

00
9)

.
As

ia
 L

am
be

rt 
Co

nf
or

m
al

 C
on

ic
 P

ro
je

ct
io

n.
Ce

nt
ra

l m
er

id
ia

n,
 1

02
° 

E.
, l

at
itu

de
 o

f o
rig

in
, 0

°.

0
10

20
30

40
KI

LO
M

ET
ER

S

0
10

20
M

IL
ES

Fi
gu

re
 2

-2
7.

 
M

ap
 s

ho
w

in
g 

th
e 

no
rth

er
n 

pa
rt 

of
 p

er
m

is
si

ve
 P

al
eo

pr
ot

er
oz

oi
c 

to
 e

ar
ly

 M
es

op
ro

te
ro

zo
ic

 g
eo

lo
gi

c 
un

its
 a

nd
 a

ss
oc

ia
te

d 
se

di
m

en
t-h

os
te

d 
co

pp
er

 d
ep

os
its

 
an

d 
oc

cu
rr

en
ce

s.
 G

eo
lo

gy
 fr

om
 B

ur
ea

u 
of

 G
eo

lo
gy

 a
nd

 M
in

er
al

 R
es

ou
rc

es
 o

f Y
un

na
n 

Pr
ov

in
ce

 (1
99

0)
 a

nd
 B

ur
ea

u 
of

 G
eo

lo
gy

 a
nd

 M
in

er
al

 R
es

ou
rc

es
 o

f S
ic

hu
an

 
Pr

ov
in

ce
 (1

99
1)

.



Chapter 2.  Tectonics, Stratigraphy, and Economic Geology of Qualitatively Assessed Tracts    67

102°30' E

25°0' N

24°0' N

102°0' E

Bailongchang
GanzhuangXilahe

Jikuanshan Honglongchang

Tongchangchong

Elachang
Yuchi

Lufang
Yiduchang

Yimentongchang
Qibulang

LingzuoWanbaochang

Sanjiachangfengshan

Yimen

ShiZhiShan
Yangjiazhang

Lubaochong

Dachanglinggang Tuonachang
Xiaoxinchang

Qinglongchang
Bailongchang
GanzhuangXilahe

Jikuanshan Honglongchang

Tongchangchong

Elachang
Yuchi

Lufang
Yiduchang

Yimentongchang
Xiangbishan

QibulangQiza
LishiLishi LingzuoWanbaochang

Fengshan
ShiShan

Sanjiachangshishan

LongtanchangLongtanchang
Sanjiachangfengshan

Yimen

ShiZhiShan
Yangjiazhang

Lubaochong

Dachanglinggang Tuonachang

Guantianchang

Zhongchunlaodongqing

Daqing
Dameichang

Zhujiaba Shaojiapo
Lianghuaqing

Xiaoxinchang

EXPLANATION

Paleoproterozoic to lower Meso-
   proterozoic permissive geologic 
   units
Sediment-hosted copper 
   deposit
Sediment-hosted copper 
   occurrence

SICHUAN

YUNNAN

CHINA

LAOS

VIETNAM

Area of map

105° E100° E

27° N

24° N

21° N

Political boundaries from U.S. Department of State (2009).
Asia Lambert Conformal Conic Projection.
Central meridian, 102° E., latitude of origin, 0°.

0 5 10 15 20 KILOMETERS

0 5 10 MILES

Qual Assess_�g2-28.ai

Figure 2-28.  Map showing the southern part of permissive Paleoproterozoic to early Mesoproterozoic geologic units and 
associated sediment-hosted copper deposits and occurrences. Geology from Bureau of Geology and Mineral Resources of 
Yunnan Province (1990) and Bureau of Geology and Mineral Resources of Sichuan Province (1991).
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Name Latitude Longitude
Major  

commodities
Ore minerals

Resources 
(unmined)

Citation

Fengshan 24.685 101.952 Cu Ccp, Bn 29.0 Mt at 
1.2% Cu

Bureau of Geology and Mineral Resources 
of Sichuan Province (1991); Yang (1996); 
Cox and others (2003) 

Lanniping 26.185 102.995 Cu Ccp, Bn 170,000 t at 
1.26% Cu

Bureau of Geology and Mineral Resources of 
Sichuan Province (1991); Ruan and others 
(1991); Zaw and others (1999); Chang and 
Zhu (2002); Kirkham and others (2003); 
Yi-Ming and Wu (2006) 

LaoXue 26.247 102.947 Cu Cc, Bn, Ccp, 
Dg, Cv, 
Enr

49 Mt at 1.02% 
Cu

Hua (1990); Ran (1983); Ruan and others 
(1991); Cox and others (2003); Kirkham 
and others (2003); Yi-Ming and Wu (2006)

Qinglongchang 23.710 102.014 Cu — 65,200 t at 
0.92% Cu

Bureau of Geology and Mineral Resources of 
Sichuan Province (1991); Yi-Ming and Wu 
(2006); Yan and others (2010)

ShiShan 24.697 101.962 Cu Ccp, Bn 52 Mt at 1.09% 
Cu

Bureau of Geology and Mineral Resources 
of Sichuan Province (1991); Yang (1996); 
Cox and others (2003) 

ShiZhiShan 24.838 102.056 Cu Ccp, Bn 15 Mt at 0.92% 
Cu

Bureau of Geology and Mineral Resources of 
Sichuan Province (1991); Cox and others 
(2003); Yi-Ming and Wu (2006)

Tangdan 26.183 103.056 Cu Cc, Bn, Ccp, 
Dg Cv, 
Enr

145.6 Mt at 
0.87% Cu

Ran (1983); Hua (1990); Ruan and others 
(1991); Yikang (2002); Cox and others 
(2003); Kirkham and others (2003); Yi-
Ming and Wu (2006)

Yinmin 26.278 102.940 Cu Cc, Bn, Ccp, 
Dg Cv, 
Enr

40 Mt at 1% Cu Ran (1983); Hua (1990); Ruan and others 
(1991); Cox and others (2003); Kirkham 
and others (2003) Yi-Ming and Wu (2006)

Table 2-7.  Sediment-hosted stratabound copper deposits within the Proterozoic Dongchuan Group rocks in north-central Yunnan and 
southern Sichuan, China.

[Abbreviation of mineral names: Bn, bornite; Cc, chalcocite; Ccp, chalcopyrite; Cv, covellite; Dg, digenite; Enr, enargite. Mt, million metric tons; t, metric tons; 
%, percent; —, no data]
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Figure 2-29.  Cross section of the Tangdan deposit, a reduced-facies deposit in Dongchuan Group strata, China. Ore 
bodies are located along the upper and lower contacts of the Luoxue Formation and within carbonaceous slate of the 
lowermost Etouchang Formation. Modified from Zhao and others (2012).
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Mineral System Components

A red-bed copper source and evaporite minerals in the 
Yinmin Formation as well as a redox boundary were funda-
mental components of this reduced-facies sediment-hosted 
stratabound mineralizing system. The primary source for cop-
per in the Dongchuan Group rocks was the Hekou Formation, 
which is an underlying volcaniclastic and clastic greenschist. 
Locally, the copper was probably sourced from Yinmin For-
mation red beds that contain high background copper concen-
trations (Ran, 1989a; Porter Geoconsultancy, 2011). Evaporite 
minerals occur in the upper part of the Yinmin Formation in 
the breccias that likely contributed sulfate and chloride to the 
metal-transporting fluids (Hua, 1991; Ruan and others, 1991; 
Zhao and others, 2010). The chemical contrast between the 
overlying reduced marine Luoxue rocks and the underlying 
oxidized terrestrial Yinmin rocks formed a redox boundary. 
Where ascending copper-rich fluids encountered the boundary, 
copper precipitated (Hua, 1991). In addition to the redox reac-
tions, Zhao and others (2012) attribute copper precipitation to 
a decrease in pH resulting from dolomite and sulfate mineral 
dissolution. Minor amounts of organic matter, which can aid 
copper precipitation (Warren, 2000), are also present in the 
permissive rock units (Ran, 1990).

Mineralizing fluids likely were warm and saline within 
the ore-forming system that affected the Dongchuan Group. 
Quartz fluid inclusions from the stratiform ores have homog-
enization temperatures ranging from 109 °C to 209 °C with 
an average of 169 °C (as reported in Zhao and others, 2012, 
translated from Ran, 1989c). Calculated salinities of the fluid 
inclusions mostly are in the range of 10 to 23 equivalent 
weight percent NaCl, but can range as great as 35 percent for 
some daughter-mineral-bearing inclusions (Zhao and others, 
2012). The inclusions in quartz veinlet ore become one phase 
(vapor or liquid) between 130 and 320 °C, with most between 
200 and 320 °C. The inclusions have similar salinities to those 
in stratiform ore and have daughter minerals, such as NaCl 
(halite), CaCl2 (calcium chloride), KCl (sylvite), and BaCl2 
(barium chloride) (Ruan and others, 1991; Zhao and others, 
2012). Slate interbeds in the carbonate Luoxue, Luzhijiang, 
Paleoproterozoic Quinglongshan, and Fengshan Formations, 
or the carbonaceous slates of the Etouchang Formation, likely 
served as seals for ascending fluids that contained dissolved 
copper.

Principal Sources of Information

A 1:5,000,000-scale mineral resource map (Zhao and Wu, 
2006) and 1:1,000,000-scale geologic maps of the Yunnan and 
Sichuan Provinces (Bureau of Geology and Mineral Resources 
of Yunnan Province, 1990; Bureau of Geology and Mineral 
Resources of Sichuan Province, 1991) provided most of the 
geologic and mineral resource information for this assessment. 
World mineral deposit databases from the USGS (Cox and 
others, 2003) and Geological Survey of Canada (Kirkham and 

others, 1994; Kirkham and others, 2003) provided information 
on mineral deposits and occurrences. Key published reports on 
the geology and mineral deposits of the Dongchuan Group of 
south central China include papers by Chang and Zhu (2002), 
Chang and others, (1997) and Zhao and others (2012).

Belt-Purcell Basin, United States 
and Canada—Assessment Tract 
003ssCu3100

Sedimentary rocks of the Mesoproterozoic Revett/Cres-
ton Formation in the Mesoproterozoic Belt-Purcell Basin of 
northwestern United States and southwestern Canada host 
sandstone-copper-type stratabound copper deposits. The Belt-
Purcell Basin, which is 165,000 km2 in area and 410 km long, 
includes 11 deposits and 36 occurrences (fig. 1-8).

Tectonic Setting

The Mesoproterozoic Belt-Purcell Basin formed about 
400 Ma after the consolidation of the Laurentian Craton (Hoff-
man, 1988) in a tectonic setting that is still debated. Prior to 
the mid 1990s, proposed settings included aulacogen, miogeo-
clinal re-entrant, intracratonic basin, impact basin, successor 
basin, and forearc basin (Link, 1993). More recently, Chandler 
(2000) suggested the basin formed as a passive-type intracon-
tinental rift. Ross and Villeneuve (2003) suggest that the Belt-
Purcell Basin developed within an extensional domain along a 
convergent plate margin. Sears and others (2004) propose that 
the basin is part of a large intracratonic rift system involving 
western Laurentia and the Siberian Craton. The tectonic set-
ting of the basin remains controversial in part because western 
source areas have been removed or displaced by younger 
tectonic processes (Ross and Villeneuve, 2003; Sears and oth-
ers, 2004).

The basin is made up of 15–20 km of marine and non-
marine clastic and carbonate strata that crop out over approxi-
mately 200,000 km2 in eastern Washington, northern Idaho, 
western Montana, southeastern British Columbia, and south-
western Alberta (fig. 2-30; Winston and Link, 1993). Belt-Pur-
cell Supergroup rocks yield depositional dates from 1,469 to 
1,401 Ma (Anderson and Davis, 1995; Sears and others, 1998; 
Evans and others, 2000).

The depositional history of the Belt-Purcell Basin can 
be divided into two phases based on sedimentation rate and 
source of detritus (Chandler, 2000; Ross and Villeneuve, 
2003). Initially, the basin was characterized by rapid subsid-
ence rates with sediment derived from a source outside of 
North America. During this rift-phase of the basin, which 
likely occurred from before 1,470 Ma to about 1,455 Ma, as 
much as 18 km of sediment was deposited (fig. 2-31; Lydon, 
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2007). Syndepositional faulting divided the lower Belt-Purcell 
Basin into subbasins along northeast-striking transform faults 
(Höy and others, 2000; Turner and others, 2000). This was 
followed by a period of deposition with lower subsidence rates 
with sediment derived from both Laurentian (North American) 
and non-Laurentian sources. During this later sag phase of the 
basin, only 2.4 km of sediment was deposited (Lydon, 2007).

Belt-Purcell Supergroup rocks generally display 
greenschist facies burial metamorphism that increases to 
amphibolite facies, with some partial melting (Doughty and 
Chamberlain, 1996). Two Mesoproterozoic deformational and 
metamorphic events affected some rocks of the Belt-Purcell 
Basin. The older event, about 1,380 Ma based on Lu-Hf ages 
from metamorphic garnets (Zirakparvar and others, 2010; 
Nesheim and others, 2012) and U-Pb ages on igneous zircons 
(Evans and Zartman, 1990; Doughty and Chamberlain, 1996; 
J. Mortensen, University of British Columbia, unpub. data, 
reported in Anderson and Parrish, 2000), may be related to the 
East Kootenay Orogeny described in western Canada where, 
in places, Lower and Middle Cambrian strata rest unconform-
ably on uplifted, tilted, and mildly deformed Purcell strata 
(White, 1959). The younger event, from about 1,150 to 1,030 
Ma based on both Lu-Hf ages of metamorphic garnets (Zirak-
parvar and others, 2010; Nesheim and others, 2012) and on 
U-Pb ages from metamorphic titanite (Anderson and Davis, 
1995), overlaps in time with the Grenville Orogeny.

Neoproterozoic and Early Cambrian continental rifting 
that established the Cordilleran margin of Laurentia truncated 
the western side of the basin (Stewart, 1972). Most of the 
rocks of the Belt-Purcell Basin are on the upper plates of an 
allochthonous thrust sheet that make up the Mesozoic Cordil-
leran fold and thrust belt (Price and Sears, 2000). Mesozoic 
deformation transported rocks eastward as much as 250 km 
and rotated the rocks 20–30° clockwise.

Stratigraphy

The sedimentary rocks south of the United States–Canada 
border are divided into four major units (fig. 2-32). At the 
base of the sequence, the Mesoproterozoic Prichard Formation 
consists dominantly of turbidites (fig. 2-31) sourced from the 
southwest (Winston, 1986a) and is thought to be a deep-water 
clastic wedge (Link and others, 2007). Overlying the Prichard 
Formation, the Mesoproterozoic Ravalli Group is composed 
of deltaic foreset and topset lithologies also derived from the 
southwest (Winston, 1986b) and inferred to have formed in 
a fluvial system (Link and others, 2007), though Hayes and 
Einaudi (1986) consider that coastal sandbodies are likely also 
present. The overlying Mesoproterozoic Piegan Group consists 
of carbonate-siliciclastic material that represents a complex 
transgressive to regressive cycle (Link and others, 2007). The 
overlying Mesoproterozoic Missoula Group is made up of 
fine-grained shallow water clastic rocks, metasandstone, and 
minor stromatolitic carbonate rocks; Missoula Group rocks 
were derived from the south (Harrison, 1972; Winston, 1986a) 

and are thought to be a fluvial succession (Link and others, 
2007).

Nomenclature for map units varies from place to place 
because of changes in facies in the basin and differences in 
naming conventions on either side of the border between 
Canada and the United States (Harrison, 1972; McMechan, 
1981; Winston, 1986a,b; Höy, 1993; Raup and others, 1993).

Sandstone-type sediment-hosted stratabound copper 
mineralization is hosted in the Mesoproterozoic Revett Forma-
tion of the Ravalli Group. The Revett Formation forms a prism 
of sandy material that was sourced from the southwest. The 
blocky, crossbedded quartzites found at the western margin 
of the basin grade into crossbedded or laminated purple-gray, 
very fine-grained quartzite or medium- to coarse-grained siltite 
that is interlayered with purple or green argillite at the distal 
edges of the prism (Boleneus and others, 2005). The well-
sorted quartzites of the Revett Formation and the correlative 
Creston Formation are the coarsest-grained sedimentary rocks 
in the lower part of the Belt-Purcell Supergroup. The Revett 
Formation is divided into three informal members: a lower 
member consisting of alternating quartzite and siltite beds, a 
middle member consisting dominantly of siltite, and an upper 
member of alternating quartzite and siltite beds.

Deposits and Occurrences

Within the Revett/Creston Formation, there are 11 depos-
its and 36 occurrences of sandstone-copper-type mineraliza-
tion (table 2-8; fig. 2-33; Cox and others, 2003; Boleneus and 
others, 2005; Hartlaub, 2009). Ore-grade levels of copper and 
silver are only in the coarser-grained quartzite facies of the 
Revett Formation, where argentiferous chalcocite, bornite, 
and digenite are the predominant sulfide minerals (fig. 2-34). 
Native silver is also present. The copper-sulfide minerals and 
native silver are part of a large, zoned system of authigenic 
and gangue minerals (Hayes and Einaudi, 1986). Ore-grade 
mineralization occurs where the copper-sulfide minerals and 
native silver form cements or replace earlier cements or clasts. 
In some locations, multiple mineralized intervals are found in 
vertically stacked sequences of quartzites and argillites (fig. 
2-34B).

From the 1960s through the early 1980s, three major 
deposits—Spar Lake (Troy Mine), Rock Creek, and Mon-
tanore—and numerous smaller deposits were discovered 
within the Revett Formation in northwestern Montana (fig. 
2-33). Bear Creek Mining Company used exploration geo-
chemistry and outcrop mapping of mineralized rocks to 
discover the Spar Lake deposit in 1963 (Hayes, 1984) and the 
Rock Creek deposit in 1966 (Couture and Tanaka, 2005). The 
Montanore deposit was discovered by U.S. Borax and Chemi-
cal Corporation in 1983 (Ristorcelli and Fitch, 2005).

Drilling delineated resources of approximately 2.9 mil-
lion metric tons of copper and about 26 thousand metric tons 
of silver, mostly in the Rock Creek (fig. 2-35), Montanore, 
and Spar Lake (Troy Mine) deposits (fig. 2-33; Boleneus and 
others, 2005). Montanore contains ore bodies as much as 21 
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[Historical producers are
italicized; production 
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and upper members. Modified from Boleneus and others (2005).
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meters thick (Ristorcelli and Fitch, 2005), and the main ore 
body at Spar Lake is about 21 meters thick (Hayes, 1984).

The American Smelting and Refining Company operated 
the Troy Mine from 1981 until April 1993, when low metal 
prices resulted in closure of the mine. During its first 12 years 
of operation, the mine produced 222,243 metric tons of copper 
and 1,569 metric tons of silver (Couture and Tanaka, 2005). 
Revett Minerals resumed production at the Troy Mine in 2004 
and produced an additional 16,144 metric tons of copper and 
121 metric tons of silver through 2009. Snowstorm is the only 
other copper-silver mine in the area with recorded production; 
between 1906 and 1912, it produced 27,585 metric tons of 
copper and 141 metric tons of silver (Long and others, 1998). 
The National and Missoula Mines produced copper and silver 
from Revett-hosted stratabound ore at the same time as the 
nearby Snowstorm Mine, but no accurate records of produc-
tion were kept.

Permissive tracts were delineated as part of a recent 
USGS assessment for copper-silver deposits in the Revett 
Formation (figs. 2-30 and 2-33; Boleneus and others, 2005). 
Delineation was based on the presence of the Revett Forma-
tion to a maximum depth of 2.4 km, presence of indicative 
alteration minerals, and proximity to known stratabound 
copper-silver deposits or occurrences. Approximately 1,440 
km2 of land was determined to be permissive for stratabound 
copper and silver deposits. The reader is directed to Boleneus 
and others (2005) for more detailed description of the tract and 
its constraints.

Copper occurrences in Canada are within the Creston 
Formation, which is equivalent to the Revett Formation. Two 
copper occurrences were discovered in southeastern British 
Columbia as part of a multiyear field program to investigate 
copper-silver potential (Hartlaub, 2009). Fine-grained bornite 
and chalcopyrite along bedding planes of the Creston Forma-
tion define the Teepee Creek occurrence (Hartlaub, 2009). 
Grieve (2010) reports mineralization in southeastern British 
Columbia on the Silver Fox property, owned by Kootney Gold 
Inc., that occur in rocks similar to Proterozoic units in Mon-
tana with economic copper-silver deposits. The permissive 
tract (fig. 2-33) for these Canadian occurrences was delineated 
as part of this assessment; the tract follows the Creston Forma-
tion along strike.

Mineral System Components

Multiple components, such as copper-source rocks, sour-
gas reductants, and seal rocks, are known for the Belt-Purcell 
Basin, but an evaporite source is less certain. Albite- and 
hematite-bearing rocks (former red beds) of the Revett Forma-
tion and the underlying Mesoproterozoic Burke Formation 
are the likely copper sources in the Belt-Purcell Basin (fig. 
2-32; Hayes, 1990). Bedded evaporite accumulations are 
not found in the Belt-Purcell Basin, but casts and molds of 
halite, gypsum, and other evaporitic minerals are found in the 

Missoula Group, which is upsection from the Revett Forma-
tion (Connors and others, 1984; Lyons and others, 1998; 
Schieber, 1997; Chandler, 2000; Lydon, 2007). Dissolution 
of evaporite minerals may have contributed to salinity of 
metal-transporting groundwaters. Copper and silver were 
then deposited where oxidized metal-bearing basinal brines 
upwelled (possibly along faults) and subsequently mixed and 
reacted with trapped sour (hydrogen sulfide-bearing) natu-
ral gas (Hayes and others, 2012). The presence of gas in the 
Mesoproterozoic Prichard Formation (Boberg, 1985) suggests 
the Prichard Formation was the original source of the reducing 
and sulfide-sourcing sour gas. Silty argillite beds in the Revett 
and overlying Mesoproterozoic St. Regis Formations most 
likely served as seal rocks.

The probable age for mineralization at the Spar Lake 
deposit is 1,409 ± 8 Ma, based on a weighted average of 
207Pb/206Pb spot analyses (n = 32) of xenotime overgrowths on 
detrital zircons determined by using a sensitive high-resolu-
tion ion microprobe (fig. 2-31; Aleinikoff and others, 2012). 
Mineralization was 40 to 60 m.y. after deposition of host rock 
material. The time of mineralization at Spar Lake is within the 
error range of a metatuff dated in the Mesoproterozoic Libby 
Formation (1,401 ± 6 Ma) about 5 km upsection from the Spar 
Lake host rocks (Harrison and Cressman, 1993; Evans and 
others, 2000). Error ranges for the mineralization age (1,409 ± 
8 Ma) and the metatuff (1,401 ± 6 Ma) overlap, indicating at 
least 5 km of overburden was present during mineralization. 
Natural gas reservoirs commonly develop at a depth of about 
5 km so the overlapping age dates support natural gas being 
present in the mineralizing system.

Principal Sources of Information

Digital 1:250,000-scale geology published by the British 
Columbia Ministry of Energy and Mines (2013), a USGS 
Scientific Investigations Report with 1:48,000-scale digital 
geology (Boleneus and others, 2005), and a USGS Open-File 
Report with 1:100,000- to 1:250,000-scale digital geology 
(Zientek and others, 2005) were used for geologic informa-
tion for this assessment. The USGS Scientific Investigations 
Report by Boleneus and others (2005) was the main source of 
deposit and occurrence information. Reports cited in table 2-8 
also provided deposit and occurrence information.

Neuquén Basin, Argentina—
Assessment Tract 005ssCu5100

Jurassic and Cretaceous sedimentary rocks of the Neu-
quén Basin in west-central Argentina host stratabound copper 
deposits of the sandstone subtype. The Neuquén Basin is about 
1,050 km long and covers 170,000 km2. The basin hosts 9 
deposits, 51 occurrences, and 37 sites (fig. 1-9).
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Tectonic Setting

The polyphase Neuquén Basin (fig. 2-36) is characterized 
by three stages of evolution: (1) an initial pre-Andean tectonic 
cycle, when isolated rift basins formed in a strike-slip fault 
system; (2) the first stage of the Andean tectonic cycle when 
the isolated rift basins were integrated into an extensional 
back-arc basin; and (3) the second stage of the Andean tec-
tonic cycle when the basin was inverted and compressed and 
became a foreland basin (figs. 2-37, 2-38A and B). The Late 
Proterozoic to late Paleozoic basement rocks of the Neuquén 
Basin formed when the western continental margin of South 
America (then Gondwana) was an active plate margin charac-
terized by terrane accretion and arc magmatism (Charrier and 
others, 2007).

The earliest phase of the Neuquén Basin is related to 
a Late Triassic and Early Jurassic strike-slip fault system 
subparallel to the Gondwana continental margin and super-
imposed on a Paleozoic Gondwana Orogen (Franzese and 
Spalletti, 2001; Franzese and others, 2003; Howell and others, 
2005). The development of abundant and widely distributed, 
basically silicic magmatic activity, and a paleogeography 
dominated by north-northwest-oriented extensional basins are 
characteristic of this phase of tectonic activity (Charrier and 
others, 2007). There is no evidence of Late Triassic subduc-
tion-related processes in the area west of the Neuquén Basin 
(Franzese and Spalletti, 2001). Extension related to strike-slip 
faulting formed long, narrow half-grabens that were initially 
filled with continental and volcaniclastic rocks followed by 
lacustrine and shallow marine strata as the separate deposi-
tional centers integrated into the Neuquén Basin.

Subduction in the Early Jurassic led to the next phase of 
basin evolution (Charrier and others, 2007). From the Early 
Jurassic to the Early Cretaceous, the Neuquén Basin devel-
oped in an extensional back-arc setting to a magmatic arc, 
related to a steeply dipping subducting plate that formed along 
the western margin of Gondwana (Howell and others, 2005). 
The first magmas associated with subduction in the Early 
Jurassic occurred in the Sinemurian–Pliensbachian time (Char-
rier and others, 2007). From Early Jurassic to Albian time, the 
Neuquén Basin experienced generalized extension, which is 
consistent with absolute plate motions where the trench hinge 
retreats away from the upper plate (trench roll-back) (Heuret 
and Lallemand 2005; Ramos and Kay, 2006; Ramos, 2010). 
Early in this extensional back-arc setting, sedimentary rocks 
characteristic of marine transgressive-regressive cycles were 
deposited. During the Early Cretaceous, the Neuquén Basin 
deposition was characterized by transgressive facies, starva-
tion, and anoxia (Franzese and others, 2003).

Although this back-arc phase is largely characterized by 
extension, the stratigraphic record indicates several episodes 
of basin inversion that can be linked to the breakup of Gond-
wana. For example, the Araucanian inversion (fig. 2-37; 
Milani and Thomaz Filho, 2000) coincides with the opening 
of the Mozambique Channel and the formation of oceanic 
crust between Africa and Antarctica (Jokat and others, 2003; 

Leinweber and Jokat, 2011). Evidence for the Araucanian 
cycle of inversions can be found in a regional feature known 
as the Huincul High (fig. 2-38A; Naipauer and others, 2012). 
The high is a positive topographic element that has acted as 
a structural and stratigraphic barrier, at least since the Late 
Jurassic, and divides the basin into two depocenters. The 
Intraaptian inversion (fig. 2-37) generally corresponds to the 
initial opening of the South Atlantic Ocean and the breakup of 
Africa and South America (Heine and others, 2013).

In mid to Late Cretaceous times, the tectonic style of the 
Andean margin changed from extensional to compressional 
(Franzese and others, 2003; Charrier and others, 2007; Nai-
pauer and others, 2012). The Neuquén Basin evolved from a 
back-arc basin controlled by thermal subsidence and extension 
in Aptian-Albian times to a foreland basin system during the 
early Cenomanian. These dates are based on the ages of detri-
tal zircons and fission-track data on zircons (Tunik and others, 
2010). This transition in tectonic setting caused a hiatus in the 
stratigraphic record called the Mirano inversion (fig. 2-37; 
Milani and Thomaz Filho, 2000). This tectonic change can be 
related to a global-scale plate reorganization event that caused 
the northeastward displacement of the Farallon Plate and dex-
tral oblique convergence between the oceanic and the South 
American plates. This change could be related to cessation of 
subduction in eastern Gondwana (Charrier and others, 2007; 
Matthews and others, 2012). The magmatic front migrated 
eastward and major contractional deformation resulted in 
45–57 km of crustal shortening in the foreland (Howell and 
others, 2005; Ramos and Kay, 2006).

Stratigraphy

As expected, the stratigraphy of the basin is a reflection 
of its geodynamic history (fig. 2-37). The Lower to Middle 
Jurassic Cuyo Group, the Middle-Upper Jurassic Lotena 
Group, the Upper Jurassic to Lower Cretaceous Mendoza 
Group, and the Lower Cretaceous Rayoso Group (fig. 2-38B) 
were deposited in an extensional back-arc basin formed during 
the first stage of the Andean tectonic cycle. The Upper Creta-
ceous Neuquén and Malargüe Groups (fig. 2-38B) were depos-
ited in a foreland basin during the second stage of the Andean 
tectonic cycle. Copper mineralization likely took place during 
Late Cretaceous compressional tectonics.

During the pre-Andean tectonic cycle, synrift fill com-
posed of volcanic, pyroclastic, and siliciclastic rocks of the 
Lapa Formation was deposited (Franzese and others, 2006). In 
the Chachil depocenter in the southern Neuquén Basin, synrift 
volcanic fill is composed of andesite, rhyolite, and volcanicla-
stic deposits (Franzese and others, 2006). The overlying sedi-
mentary fill is dominated by coarse-grained, nonmarine rocks.

A marine transgression occurred at the beginning of the 
first stage of the Andean tectonic cycle and resulted in the 
deposition of deep-marine shale material of the Lower and 
Middle Jurassic Los Molles Formation (Vergani and others, 
1995; Mosquera and Ramos, 2006). The eastern part of the 
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basin is characterized by a coarsening-upward sequence in 
which shallow marine clastic rocks of the Middle Jurassic 
Lajas Formation grade upward and laterally into continental 
fluvial deposits of the Middle Jurassic Challaco Formation. 
The Los Molles and Lajas Formations are unconformably 
overlain by marine and marine-hypersaline rocks of the Lotena 
Group, which include the Middle Jurassic Tabanos Formation 
(evaporites), the Middle and Upper Jurassic Lotena Formation 
(deltaic to shallow marine clastic rocks), the La Manga Forma-
tion (carbonates), and the Auquilco Formation (evaporites). 
A hiatus in deposition related to the Araucanian inversion 
overlies the Auquilco Formation (fig. 2-37).

Rocks of the Mendoza Group, deposited following the 
Araucanian inversion, indicate at least two major transgres-
sive-regressive cycles (Vergani and others, 1995; Mosquera 
and Ramos, 2006): (1) deep-marine shaly marl of the Upper 
Jurassic and Lower Cretaceous Vaca Muerta Formation, grad-
ing through shallow marine carbonates of the Upper Jurassic 
and Lower Cretaceous Picun Leufu and Quintuco Formations, 
into nonmarine rocks of the Bajada Colorado Formation; and 
(2) marine shales of the Lower Cretaceous Agrio Formation, 
grading through shallow marine carbonate and siliclastic 
rocks, into nonmarine rocks of the Lower Cretaceous Centena-
rio Formation.

Rocks of the Lower Cretaceous Rayoso Group were 
deposited during and after the Intraaptian inversion. The 
Lower Cretaceous Huitrin Formation consists of nonmarine 
siliciclastic rocks overlain by evaporite rocks. The overlying 
Lower Cretaceous Rayoso and Lohan Cura Formations consist 
of nonmarine siliciclastic rocks. Red beds of the Rayoso 
Group were likely deposited in shallow, perennial lakes 
(Zavala and others, 2006).

Continental red beds of the Upper Cretaceous Neuquén 
Group deposited after the Mirano inversion are molassic 
sedimentary rocks derived from the uplift of the Andes (Tunik 
and others, 2010; Mescua and others, 2013). An angular 
unconformity separates the Rayoso and Neuquén Groups. 
Detrital zircon studies show that rocks above and below the 
unconformity have different provenances (Tunik and others, 
2010). Sediments that make up the Lower Cretaceous Agrio 
and Rayoso Formations were derived from the east, whereas 
sediments that formed the Neuquén Formation were derived 
from the Andean Cordillera to the west.

Deposits and Occurrences

The Neuquén Basin has 9 deposits and 51 occurrences 
of sandstone-type sediment-hosted stratabound copper 
mineralization and 37 sites (table 2-9; fig. 2-36). The 37 
sites identified as copper mineralization on metallogenic 
maps (Ricci, 1970–1971, 1974) are in sedimentary geologic 
map units associated with the Neuquén Basin; however, no 
additional information is available about the nature of these 
sites. Sandstone-hosted copper mineralization is identified 
in the Jurassic Lotena and Tordillo Formations, the Lower 

Cretaceous Rayoso Formation, and the Upper Cretaceous 
Neuquén Group (Candeleros, Huincul, Portezuelo, and Bajo 
de la Carpa Formations) (figs. 2-37, 2-38B, and 2-39; Mendez 
and Zappettini, 1989; Lyons, 1999). Seven of the known 
deposits are hosted by rocks of the Neuquén Group, and two 
are in the underlying Rayoso Group. The largest deposits 
are Barda Gonzáles (35.5 million metric tons with an aver-
age grade of 0.368 percent copper) and Tordillos (9.5 million 
metric tons with an average grade of 0.42 percent copper) 
(fig. 2-36). The other deposits contain 11,000 to 320,000 met-
ric tons of mineralized rock with grades averaging between 
0.37 and 1.86 percent copper (table 2-9). Some of these small 
deposits have the potential to contain as much as 3 million 
metric tons of ore if more extensively mined (Lyons, 1999).

Ricardo Wichmann was the first scientist to publish a 
report on copper mineralization in “Estratos con dinosaurios” 
(now the Neuquén Group) in Argentina (Wichmann, 1927; 
Lyons, 1999; Schencman and others, 2013). Fernández Agui-
lar (1945) described the sandstone-copper mineralization in 
these rocks and evaluated development potential between the 
Neuquén and Picún Leufú Rivers, focusing on the El Porvanir 
(Cerro Granito) deposit. Subsequent exploration activities for 
sandstone-copper and associated uranium mineralization were 
summarized for the compilation of “Mineral Resources of the 
Republic of Argentina” (Zappettini, 1999); in particular, Lyons 
(1999) provided an overview of the sandstone-copper deposits 
of the Neuquén Basin. Information about Mina San Romeleo 
was summarized by Centeno and Fusari (1999). Sandstone-
copper-uranium deposits and districts (Barda Negra, Pampa 
Amarilla, and Rahue-Có) were described by Rojas (1999a,b,c) 
and Schencman and others (2013). Detailed studies of the two 
largest sandstone-copper deposits in the Neuquén Basin—
Barda Gonzáles and Tordillos—were published by Pons and 
others (2009 and 2014, respectively).

When viewed collectively, deposits and occurrences in 
the Neuquén Basin have a number of shared characteristics 
(Lyons, 1999; Rojas, 1999a,b,c; Consultora Minera R.B., 
2008; Giusiano and others, 2008, 2014; Pons and others, 
2009, 2014; Rainoldi and others, 2014). Deposits and occur-
rences are hosted in sandstone and conglomerate rocks in the 
basin that have fluvial channel facies. Mineralized beds are 
generally a few meters thick but locally can exceed 30 m. The 
sandstones and conglomerates are red beds, but those hosting 
copper minerals are bleached to light colors (gray, cream, or 
white) and leached (resulting in the development of second-
ary porosity by dissolution of previous cements, feldspar, and 
lithic fragments). Copper minerals fill the secondary poros-
ity of permeable and bleached sandstones and are intimately 
associated with bitumen. The predominant copper minerals 
are those that form in the supergene environment (mala-
chite and chalcocite). Uranium and vanadium minerals are 
reported from many of the deposits and occurrences. Table 
2-10 summarizes characteristics for some of the deposits and 
occurrences.
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Name Latitude Longitude Ore minerals
Major  

commodities
Resources  
(unmined)

Citation

Sandstone-copper deposits

Barda Gonzalez –38.859 –69.009 Mal, Cc, Cv, Ccp, 
Az Atc, Bh, Ccl, 
Trn, Turq 

Cu 35.5 Mt at 
0.368% Cu

Aguilar (1945); Lyons 
(1999); Giusiano and 
others (2008); Pons and 
others (2009)

Cerro Mesa –38.759 –69.657 Mal, Az, Cc Cu 0.035 Mt at 
1.75% Cu

Lyons (1999); Giusiano 
and others (2008); 
Kirkham and others 
(2003)

El Porvanir –39.152 –69.523 Mal, Cc, Az Cu 0.32 Mt at 1.86% 
Cu

Aguilar (1945); Lyons 
(1999); Giusiano and 
others (2008)

Mina Huemul –35.775 –69.664 Ccp, Bn, Ida Cu, U 0.152 Mt at 
0.77% Cu

Ricci (1974); Rojas 
(1999b); Kirkham and 
others (2003)

Minas La Cuprosa 
and La Barrosa

–38.829 –68.936 Mal, Az, Ct Cu 0.225 Mt at 
0.37% Cu

Kirkham and others (2003); 
Consultora Minera R.B. 
(2008)

Palo Quernado –38.021 –69.605 Mal Cu, U 0.011 Mt at 1.9% 
Cu

Ricci (1970–1971); Lyons 
(1999); Kirkham and 
others (2003)

San Romeleo –36.586 –69.459 Ct, Mal, Az, Bh, Ant, 
Cc, Cp

Cu 0.257 Mt at 
1.29% Cu

Ricci (1974); Zanettini and 
Carotti (1993); Centeno 
and Fusari (1999)

Sauzal Bonito –38.606 –69.022 Mal, Cc, Ccl Cu 0.12 Mt at 0.55% 
Cu

Lyons (1999); Kirkham and 
others (2003); Giusiano 
and others (2008)

Tordillos –38.590 –69.258 Cc, Ccp, Bn, Az, Cv, 
Bh, Mal, Cp, Ccl

Cu 9.5 Mt at 0.42% 
Cu

Lyons (1999); Giusiano 
and others (2008); Pons 
and others (2014)

Table 2-9.  Sediment-hosted stratabound copper deposits within the Neuquén Basin, Argentina.

[Abbreviation of mineral names: Ant, antlerite; Atc, atacamite; Az, azurite; Bh, brochantite; Bn, bornite; Ct, chalcanthite; Cc, chalcocite; Ccl, chrysocolla; Cp, 
cuprite; Cv, covellite; Ida, idaite; Mal, malachite; Trn, tenorite; Turq, turquoise. Mt, million metric tons; %, percent]
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Mineral System Components

The Neuquén Basin is the leading producer of hydro-
carbons in Argentina (Uliana and Legarreta, 1993; Urien and 
Zambrano, 1994; Legarreta and others, 2005), and several 
studies have noted the close association of copper miner-
alization with petroleum systems in the basin (Giusiano 
and others, 2008; Pons and others, 2009, 2014; Rainoldi 
and others, 2014). Three marine, organic-rich intervals are 
petroleum source rocks for the basin (Legarreta and others, 
2005). Organic material in the Los Molles Formation was 
almost entirely converted to hydrocarbons from late Early 
Cretaceous to Early Tertiary time, whereas the organic mate-
rial of the Vaca Muerta Formation and the Agrio Formation 
matured during the Late Cretaceous to Miocene and Eocene 
to Miocene, respectively. Bitumen associated with the Barda 
Gonzáles deposit is likely derived from the Vaca Muerta or 
Los Molles Formations (Pons and others, 2009).

Influx of several pulses of fluids (reduced basinal waters 
rich in hydrocarbons and oxidized brines carrying copper 
chloride complexes) and their mixing with interstitial waters 
containing sulfates may have produced the copper mineral-
ization (Pons and others, 2014). Leaching and bleaching of 
rocks, which host copper mineralization, is likely caused by 
the migration of petroleum-bearing fluids (Jon Thorson, oral 
commun., 2006; Giusiano and others, 2008; Pons and others, 
2009, 2014; Rainoldi and others, 2014). A second migration 
of oxidized brines was responsible for introducing copper that 
precipitated only in the rocks that were earlier bleached and 
contained hydrocarbons (Jon Thorson, oral commun., 2006). 
The source of the copper-bearing oxidized brines is unclear, 
but red beds of several ages could have sourced copper, as 
could the volcanic and volcanoclastic rocks of the Lapa For-
mation or the Paleozoic basement plutonic and metamorphic 
rocks.

Principal Sources of Information

Geologic maps used in the assessment include 1:500,000-
scale maps of Mendoza and Neuquén Provinces, a 1:750,000-
scale geologic map of Río Negro Province, and a 1:2,500,000-
scale map of Argentina. Metallogenic maps of Mendoza and 
Neuquén (1:750,000 scale) show the location of mineral sites, 
the site name, and the principal mineral commodity present; 
deposit type is not indicated. Detailed information on min-
eral deposits and occurrences is from Aguilar (1945), Lyons 
(1999), Rojas (1999a,b,c), Consultora Minera R.B. (2008), 
and Pons and others (2009, 2014).

Maritimes Basin, Canada—
Assessment Tract 003shCu1000

Carboniferous sedimentary rocks in Atlantic Canada7 host 
sediment-hosted stratabound copper deposits of the red-bed 
and sandstone-copper subtypes. Red-bed, sandstone-copper, 
and reduced-facies-type deposits are present. The copper-
bearing lithologies (Windsor, Mabou, Cumberland, and Pictou 
Groups) are present along the coast within the Maritimes 
Basin in the provinces of New Brunswick, Nova Scotia, Prince 
Edward Island, Newfoundland, and Labrador. The Maritimes 
Basin extends over land and sea for about 660 km in an east-
west direction (fig. 2-40). There are 2 deposits and 155 occur-
rences of copper mineralization within the basin (fig. 1-10).

Tectonic Setting

The Paleozoic Maritimes Basin in the Appalachian 
Mountains of Atlantic Canada consists of several northeast-
trending, partially connected, fault-bounded subbasins. These 
basins developed in the late Paleozoic following the Devonian 
Acadian Orogeny (fig. 2-40; Gibling and others, 2008; Allen 
and others 2013; Waldron and others, 2013). The basin covers 
approximately 450,000 km2 and is more than 12 km thick. At 
least six subbasins developed in various parts of the region 
(Gibling and others, 2008); the Magdalen, Sydney, and St. 
Anthony basins are three major depocenters (Dietrich and oth-
ers, 2009).

The Maritimes Basin formed prior to and during the Car-
boniferous to Permian Alleghanian Orogeny (Bradley, 1982; 
Dietrich and others, 2009; Hatcher, 2010). At the time of basin 
formation, Atlantic Canada was within a zone of dextral mega-
shear that was active during the collision of the continents of 
Gondwana and Laurussia (Arthaud and Matte, 1977; Bradley, 
1982). This intracontinental transform zone lies between the 
east-west trending Hercynian Belt of Europe and the north-
east-trending orogenic belt of the Appalachian Mountains of 
the United States (Arthaud and Matte, 1977). Tectonism in the 
Maritimes Basin is diachronous and varies over short distances 
along strike through regimes of “pure” strike slip, transpres-
sional deformation, and rapid subsidence of extensional basins 
(Bradley, 1982).

The stratigraphy of the Maritimes subbasins indicates 
a polycyclic history involving periods of fault-generated 
subsidence, posttectonic thermal relaxation, and basin inver-
sion (Calder, 1998; Gibling and others, 2008; Allen and others, 
2013). Each cycle involves two stages: (1) an initial phase 

7Atlantic Canada is the region of Canada comprising the four prov-
inces located on the Atlantic coast, excluding Quebec: the three Maritime 
provinces—New Brunswick, Prince Edward Island, and Nova Scotia—and 
the easternmost province of Newfoundland and Labrador (http://www.
canadiangeographic.ca/atlas/).

http://www.canadiangeographic.ca/atlas/
http://www.canadiangeographic.ca/atlas/
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when subsidence was rapid, fault controlled, and often accom-
panied by volcanism and (2) a subsequent phase where the 
depositional basins expanded, burying earlier border faults and 
resulting in younger sedimentary units progressively onlap-
ping basement (Bradley, 1982).

Stratigraphy

The sedimentary rocks of the Maritimes Basin formed in 
a predominantly continental setting that was within 5 degrees 
of the equator from the Early Pennsylvanian through the early 
Permian (Allen and others, 2013). Individual subbasins within 
the basin complex had different tectonic and subsidence histo-
ries resulting in unique stratigraphies (Allen and others, 2013). 
Despite the differences between basins, a series of groups can 
be recognized across much of Atlantic Canada (Gibling and 
others, 2008). The stratigraphic summary is largely based on 
the information in Gibling and others (2008) and the lexicon 
of Canadian geological names (WEBLEX Canada, 2014).

The Middle Devonian to lower Carboniferous Horton 
Group fills linear, fault-bounded subbasins and consists of 
sedimentary rocks deposited in lacustrine, fluvial, pro-delta, 
and flood-plain environments, with instances of restricted 
marine conditions. Nonmarine, red and gray-to-black, gener-
ally coarse-grained clastic rocks are found near the base and 
top of the group; fine-grained lacustrine and restricted-marine 
deposits are found in the middle of the unit (fig. 2-41).

The Fountain Lake Group in Nova Scotia, which is time 
correlative with the Horton Group, has several kilometers of 
bimodal volcanic rocks, including as much as 1.5 km of conti-
nental tholeiitic basalts present in the Diamond Brook Forma-
tion (Dessureau and others, 2000). The contact between the 
Horton Group and the overlying Windsor Group is an angular 
unconformity. Low-grade regional metamorphism, dated at 
335–340 Ma, influences the Horton Group but not the overly-
ing Windsor Group.

The Early Carboniferous Windsor Group, about 800 m 
thick, is the only open-marine unit in the basin succession (fig. 
2-41). As the sediments of this unit accumulated, extension-
driven subsidence waned, and a phase of thermal subsidence 
began. In the type area, the Windsor Group consists of a lower 
part of thin basal carbonates overlain by massive evaporites; 
a middle part of interbedded evaporites and minor red clastic 
rocks, chiefly siltstones and thin carbonates; and an upper 
part of interbedded clastic and carbonate rocks with minor 
evaporites (fig. 2-41). The carbonate rocks contain marine 
faunas, and the clastic rocks are mainly continental and poorly 
fossiliferous.

The Carboniferous Mabou Group is about 1 km thick and 
overlies the Windsor Group with conformable to disconform-
able contacts. The strata are largely nonmarine, but fossils 
indicate marine influence at some levels. The change from 
marine conditions during the formation of the Windsor Group 
to nonmarine conditions for the Mabou Group may reflect the 
onset of Gondwanan glaciation or tectonic factors. The Mabou 

Group consists of interstratified, fine- to medium-grained, red 
and gray sandstone, and shale. Depositional settings change 
from gray, shallow lacustrine facies near the base, to red playa 
and flood-plain deposits near the top. The top contact of the 
Mabou Group is an unconformity that may represent the onset 
of a major glacial period or onset of tectonism associated with 
the Alleghanian Orogeny.

The Mabou Group is overlain by the Late Carbonifer-
ous Cumberland Group (figs. 2-41 and 2-42). Cumberland 
Group rocks were deposited in extensional pull-apart basins 
related to major strike-slip fault zones; the transpressional and 
transtensional events in the Maritimes Basin likely correspond 
to the onset of the Alleghanian Orogeny in the U.S. Appa-
lachian Mountains, which formed a fold-and-thrust belt and 
the Appalachian Foreland Basin. Rocks of the Cumberland 
Group formed in fluvial, alluvial plain, lacustrine, estuarine, 
and shoreline environments with restricted marine influence. 
Lithologies include red and gray conglomerate; gray, medium- 
to coarse-grained subarkose to sublitharenite; gray to reddish 
gray, coarse-grained arkose; red to gray, fine-grained litharen-
ite; gray to reddish-brown mudstone and siltstone; coal seams 
from 0.01 m to 3.5 m thick; and thin, bituminous, locally fos-
siliferous limestone and shale.

Basinwide deposition of alluvial red beds of the Late 
Carboniferous to Permian Pictou Group record a second 
phase of thermally driven subsidence in the area. The rocks 
are predominantly fluvial red beds, characterized by abundant 
sandstone and mudstone, scarce coal, and rare conglomeratic 
beds.

Most sediment-hosted stratabound copper occurrences lie 
within three stratigraphic associations in Carboniferous rocks 
of the Maritimes Basin: reduced-facies-type mineralization 
that occurs directly above the contact between the Windsor 
and Horton Groups (Binney and Kirkham 1974; Kirkham 
1974); reduced-facies-type mineralization associated with 
limestones in the upper part of the Windsor Group (Kirkham, 
1985); and red-bed-type mineralization found in Upper Mis-
sissippian and Pennsylvanian rocks (fig. 2-41; Papenfus, 1931; 
Brummer, 1958; Binney and Kirkham 1974; Kirkham 1974). 
Sandstone-type mineralization could also be found in the 
Upper Mississippian and Pennsylvanian rocks accompanying 
the red-bed mineralization.

The stratigraphic sequence for the reduced-facies-type 
occurrences at the contact between the Horton and Windsor 
Group begins with red conglomerate or fanglomerate of the 
Horton Group, overlain by green conglomerate, and in turn is 
overlain by dark, fine-grained, laminated, sandy limestone of 
the Windsor Group, which grades upward into fossiliferous 
limestone (Kirkham, 1974). Disseminated pyrite, chalcopyrite, 
and, in places bornite and chalcocite, are present in the upper 
part of the green conglomerate and lower part of the dark, 
laminated limestone. At most localities, the thickness of the 
mineralized strata is too thin and copper grades are too low to 
be of economic interest. Disseminated chalcopyrite, sphalerite, 
and galena occur in brown, gray, and black limestone inter-
layered with red clastic sedimentary rocks in the upper part of 
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the Windsor Group (Kirkham, 1985). Although the mineral-
ized strata can be as much as 10 m thick and show evidence of 
lateral continuity, the maximum reported copper concentration 
is 4,100 parts per million—too low for mining to be economic. 
Mineral occurrence databases indicate that copper occurrences 
are found in the Cumberland, Mabou, and Pictou Groups 
(Kirkham and others, 1994); many, if not most, are red-bed-
type deposits. In the red-bed-type occurrences, chalcocite 
replaces woody material, pyrite, or carbonate cement in green-
gray patches or beds in a red-bed sequence (Kirkham, 1974). 
Few red-bed-type occurrences have sufficient lateral continu-
ity to form economic deposits. Red-bed-type deposits are of 
minor importance because of the low tonnages and the erratic 
nature of the mineralization.

Deposits and Occurrences

The Maritimes Basin was thoroughly explored for 
reduced-facies deposits because the stratigraphic sequence 
appeared ideal for that deposit subtype (Kirkham and oth-
ers, 2003). Although only occurrences of the reduced-facies 
subtype were found, two deposits of other subtypes were 
found. Consequently, rocks within the Maritimes Basin host 
one red-bed-type deposit, one sandstone-copper or red-bed 
deposit, and 155 sediment-hosted stratabound copper occur-
rences (tables 2-11, 2-12, and 2-13; figs. 2-43, 2-44, and 
2-45). Of the 155 occurrences, 77 are classified as sandstone 
or red-bed-type copper, 67 are classified as reduced facies, 
and 11 are not classified. To illustrate the widespread nature 
of the mineralizing system, numerous red-bed-subtype copper 
occurrences are shown in figures 2-43, 2-44, and 2-45.

The deposits listed in table 2-11 represent sandstone-
copper or red-bed-type mineralization. The Canfield Creek 
copper deposit (table 2-11; no. 10 in table 2-12; fig. 2-43) 
occurs within the gray medium- to coarse-grained sandstone 
of the Cumberland Group that contains abundant plant debris 
along bedding planes (Ryan and Boehner, 1994). The deposit 
is along the flank of a salt dome that cuts Upper Carbonifer-
ous clastic rocks. Copper mineralization is associated with 
a zone of carbonaceous detritus in gray, reduced rock units 
interbedded with red, oxidized units (O’Reilly, 2008). Miner-
alized sandstone, as much as 5.2 m thick and containing 1.2 
percent copper, extends to a depth of at least 110 m. A grid of 
27 drill holes delineated 300,000 metric tons of ore contain-
ing 1.2 percent copper (Ryan and Boehner, 1994).

The Dorchester deposit occurs in gray, carbonaceous 
sandstone and conglomerate of fluvial channel sequences at 
the base of the Pennsylvanian Boss Point Formation (Cum-
berland Group) immediately overlying Mabou Group red 
beds (table 2-11; no. 15 in table 2-12; fig. 2-43). The deposit 
is a 1 km by 2 km, lenticular, northeast-trending zone of low-
grade ore (less than 1 percent copper), with high-grade (2–10 
percent copper) sections (New Brunswick Mineral Occur-
rence Database, 2012). Copper minerals replace carbonized 
plant debris, detrital fragments, and pyrite, and fill interstices 

and vugs in the coarser sediments (Boyd, 1977). Explora-
tion identified a 6-meter-thick tabular zone dipping from 
the surface to a depth of 330 meters along a strike length of 
1.1 km; copper grades were less than 1.0 percent (Boyd and 
Boyd, 1977). Boyd (1977), as reported in Normore and Mit-
ton (2007), calculated a resource of 9.58 million metric tons 
at 0.73 percent copper that (at the observed dip of 15 degrees) 
would be an unlikely candidate for profitable mining as of 
2014.

Lochaber Lake (no. 115 in fig. 2-44) is downsection 
from the host rock units defined for the Maritimes Basin 
(Hooper, 1972; Northcote and others, 1989; Ross, 1998). It 
is included as an occurrence in this study because the copper 
mineralization is similar to surrounding occurrences, and 
identified resources are noteworthy (2.29 million metric tons 
at 0.33 percent copper; Hooper, 1972).

Mineral System Components

A copper source and evaporite-bearing rocks were neces-
sary components for copper mineralization to form in the 
Maritimes Basin. Copper was likely mobilized from bimodal 
volcanic rocks of the Fountain Lake Group, and later remobi-
lized and precipitated into the Windsor Group (figs. 2-41 and 
2-42; Murphy, 2007). Subsequent diagenetic changes could 
release the copper from the Windsor Group rocks for reminer-
alization (Walker, 1989). The Windsor, Mabou, Cumberland, 
and Pictou Groups also contain red beds that may have been 
an additional source of copper in the Maritimes Basin. Dis-
solution of gypsum and anhydrite in the Windsor Group may 
have contributed a brine source to the hydrothermal system 
present during mineralization, which would facilitate transport 
of copper-sulfide minerals. The evaporite beds in the Windsor 
Group may also have acted as a seal preventing upward migra-
tion of copper-bearing fluids.

Reductants for reduced-facies-type and red-bed-type 
deposits are scattered throughout sedimentary rocks in the 
Maritimes Basin. For the reduced-facies-subtype deposits, 
the contrast between the oxidized continental clastic Horton 
Group and the overlying reduced marine carbonate Missis-
sippian Macumber Formation (Boehner and Giles, 2008) 
formed the most laterally consistent redox boundary where 
copper precipitated. Several cycles of red beds overlain by 
carbonaceous limestone are higher within the Windsor Group 
(Boehner and Giles, 2008), so copper mineralization is in 
more than one host rock sequence. Within the Mabou, Cum-
berland, and Pictou Groups, carbonized plant fossils in the 
gray sandstone (Brummer, 1958) served to reduce sulfate to 
sulfide and precipitate sulfide minerals.

The known deposits and occurrences are reduced-facies-
type or red-bed-type, but necessary mineral system compo-
nents for sandstone-copper-subtype deposits are also present 
in the Maritimes Basin. Oil shales that contain the necessary 
petroleum reductant for sandstone-type deposits are present 
in the lacustrine beds of the middle Horton Group (Hamblin 
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Deposit name Latitude Longitude Major commodities Resources (unmined) Citation

Red bed deposit

Canfield Creek 45.800 –63.667 Cu, Ag 300,000 t at 1.2% Cu O’Sullivan (1981); Ryan and others (1989); 
Kirkham and others (1994); Kirkham and 
others (2003); Keppie (2000); O'Sullivan 
(2006)

Sandstone-copper or red bed deposit

Dorchester 45.929 –64.476 Cu, Ag, U, Zn, Pb 9.58 Mt at 0.73% Cu Boyd (1977) as reported in Normore and 
Mitton (2007); Kirkham and others 
(1994); New Brunswick Department of 
Natural Resources and Energy (2000); 
New Brunswick Mineral Occurrence  
Database (2012); Kirkham and others 
(2003) 

Table 2-11.  Sediment-hosted stratabound copper deposits and occurrences within the Maritimes Basin, Canada.

[t, metric tons; Mt, million metric tons; %, percent]

No. Name No. Name No. Name No. Name

1 Balfron 22 Feeley Mine 43 Midway Copper Belt - Occ 7 64 Riverside Mine
2 Balfron - 1 23 Fleming Brook Mine 44 Midway Copper Belt - Pit 1 65 Rockley
3 Balmoral Brook 24 French River Mouth 45 Midway Copper Belt - Pit 2 66 Scotch Hill
4 Biz Brook 25 French River Mouth No 1 46 Midway Copper Belt - Pit 3 67 Scotsburn Brook
5 Black River 26 French River Mouth No 2 47 Midway Copper Belt - Pit 5 68 South Pugwash
6 Blockhouse Claim Group 27 Goshen 48 Midway Copper Belt - Pit 6 69 South Pugwash/ No 1
7 Blockhouse No 2 28 Grant Brook 49 Midway Copper Belt - Shaft 

No 1
70 South Pugwash/ No 2

8 Blockhouse Point No 1 29 Hopewell 50 Mine Hole Brook 71 South Pugwash/ No 3
9 Brookfield Copper Showing 30 Hopewell Cape (The Rocks) 51 Mine Hole Brook/ No 1 72 Springhill

10 Canfield Creek 31 Kerrs Mills 52 Mine Hole Brook/ No 2 73 Tatamagouche
11 Caribou River 32 King Mine 53 Nappan 74 Telford
12 Central New Annan 33 Knoydart Point and Brook 54 New Horton - Pit 12 75 The Island Roadcut
13 Chisholm Brook 34 Limerock 55 New Horton Mine 76 Treen Point
14 Churchville Road 35 Little Ridge - Pit 13 56 Oliver 77 Union Centre
15 Dorchester 36 Malagash (North Shore) 57 Oliver - No 1 78 Waterside
16 Durham 37 Malagash Centre 58 Oliver - No 2 79 Wentworth
17 East River 38 Malagash Point 59 Oliver North Prospect 80 Woodlock Brook 

Prospect
18 East Wallace River 39 Matheson Prospect 60 Oliver South 81 Yellow Brook
19 Elgin 40 Mclellan Brook (Stewart 

Brook)
61 Palmer Mine

20 Eureka (Ferrona Junction) 41 Mclellan Brook Holes 1 2 
and 3

62 Plainfield Brook

21 Eureka Hole 1 42 Middle Stewiacke 63 River John (East Branch)

Table 2-12.  Names of deposits and occurrences that correlate to numbers in figure 2-43.

[No., number; Occ, occurrence]
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No. Name No. Name No. Name No. Name

82 Ballantynes Cove 103 Glen Road 124 Meadow Green (Kennco Hole 6) 145 Whycocomagh
83 Big Marsh 104 Guysborough Area 2-03–

ABCD
125 Monastery 146 Willies Brook

84 Black River 105 Guysborough Area 2-03–F 126 Musgrave Showing 147 Yankee Line Road
85 Boisdale 106 Guysborough Area 2-03–K 127 Ohio
86 Brierly Brook - 2 107 Highway Showing 128 Pitchers Farm - 1
87 Campbell S Brook 108 Iona 129 Pitchers Farm - 2
88 Cape Blue 109 James River Station 130 Point Edward
89 Cape Jack 110 Johnstown 131 Pomquet River
90 Carr Brook 111 Keaton Point 132 Rights River - Main Showing
91 Catalone Lake 112 Kirkwood 133 Rights River - Railway Showing
92 Christmas Island - 1 113 Lakevale 134 Salmon River
93 Christmas Island - 2 114 Little Judique 135 Soldier Cove North
94 Christmas Island - 3 115 Lochaber Lake 136 Southwest Mabou River
95 Coxheath - Contact Zone 116 Lower North Grant 137 Squire Point
96 Delhanty Brook 117 Mabou 138 St Josephs - 1
97 East Bay 118 Macbeth Brook 139 St Josephs - 2
98 Finlay Beach 119 Mackay Showing 140 Steele Crossing
99 Frenchvale - Leitches Creek 120 Macmullin Brook 141 Steep Creek

100 Garbarus Lake 121 Mcintyre Lake 142 Sylvan Glen Area
101 Gillisdale 122 Mcleod Point 143 Washabuck
102 Glen Morrison (GM - 1) 123 McPherson 144 Washabuck - Crow Point

Table 2-13.  Names of occurrences that correlate to numbers in figure 2-44.

[No., number]
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and others, 1995). Coal of the Cumberland Group (Boehner 
and Giles, 2008) is a possible source rock for natural gas, 
which could act as a reductant and hydrogen sulfide source 
in the development of sandstone-type deposits. Traps for the 
copper-bearing liquid or gaseous petroleum are an additional 
requirement for sandstone-copper-subtype deposits to form. 
Anticlines might serve as traps for pre-ore natural gas, but a 
notable potential for traps also exists near the salt domes (fig. 
2-42). Fault traps, stratigraphic traps associated with several 
unconformities in the cross section, and combination traps 
are present as well (Enachescu, 2006). On the basis of these 
components, sandstone-copper-subtype deposits within the 
Maritimes Basin are geologically plausible. Hansley (2007) 
described low concentrations of pyrobitumens in sandstone 
pores within samples from the Dorchester deposit; accom-
panying relicts of carbonized plant fossils suggest that the 
deposit could be either a red-bed or a sandstone subtype.

Principal Sources of Information

Digital geologic maps of Nova Scotia, New Brunswick, 
and Newfoundland provided information on the distribution 
of permissive rocks for sediment-hosted stratabound deposits 
in the Maritimes Basin. For New Brunswick and Nova Scotia, 
source maps are 1:500,000-scale digital maps published by the 
New Brunswick Department of Natural Resources and Energy 
and Nova Scotia Department of Natural Resources (Keppie, 
2000; New Brunswick Department of Natural Resources and 
Energy, 2000). The Newfoundland geology was sourced from 
a 1:1,000,000-scale digital map published by the Newfound-
land Department of Mines and Energy, Geological Survey 
(Davenport and others, 1999). Global sediment-hosted copper 
deposit databases (Kirkham and others, 2003; Cox and others, 
2003), as well as reports of the Geological Survey of Canada, 
were the main sources of mineral deposit and occurrence 
information.

Chuxiong Basin, China—Assessment 
Tract 142ssCu6000

Sedimentary rocks of the Cretaceous Gaofengsi, 
Puchanghe, and Matoushan Formations in south-central China 
host stratabound copper deposits. The Chuxiong Basin, which 
is 15,400 km2 in areal extent and 280 km long, hosts at least 
12 sandstone-type sediment-hosted copper deposits and 10 
occurrences (fig. 1-11).

Tectonic Setting

The Chuxiong Basin is the southern part of a north-
northeast-trending Triassic foredeep that developed between 
the advancing northeastern Tibetan Plateau and the Yangtze 

Platform (fig. 2-46; Burchfiel and Zhiliang, 2013). The fore-
deep filled with Upper Triassic to Cretaceous shallow-marine 
and fluvial material, which became the host sandstone for the 
copper deposits. The Yangtze tectonic unit, also known as 
the South China block, consists of a sequence of Paleozoic 
through Cenozoic shallow-marine and nonmarine sedimentary 
rocks with numerous unconformities. The Yangtze Platform 
rocks overlie two continental fragments that were accreted 
during the Neoproterozoic to early Paleozoic. The southern 
boundary of the Chuxiong Basin and the Yangtze tectonic unit 
is the Cenozoic Ailao Shan Metamorphic Belt (fig. 2-46).

The foredeep, which includes the Chuxiong and Sichuan 
Basins, developed along the eastern margin of the Long-
men Shan thrust belt and its southern extension that forms 
the eastern boundary of the Transitional tectonic unit (fig. 
2-46; Burchfiel and Zhiliang, 2013). The northeast-trending 
Longmen Shan thrust belt formed by southeastward thrust-
ing during the Late Triassic Indosinian Orogeny and was later 
affected by Cenozoic deformation related to the collision of 
India and Asia (Burchfiel and others, 1995). A complex alloch-
thon, which underlies the eastern part of the Tibetan Plateau, 
lies to the west of the thrust belt (Burchfiel and others, 1995). 
The discontinuity of the Mesozoic outcrops between the 
Chuxiong and Sichuan Basins is the result of post-Oligocene 
deformation that uplifted basement rocks along north-south-
trending structures (Burchfiel and Zhiliang, 2013).

Mesozoic strata of the foredeep were deposited above 
a north-south trending region shallowly underlain by base-
ment rocks of the Yangtze tectonic unit, the Kungdian High 
(fig. 2-46). This region was a positive paleogeographic feature 
during the Paleozoic and early Mesozoic. Paleozoic strata are 
commonly incomplete, thin, wedge out, or are faulted out on 
the eastern and western flanks of the high. Flood basalts of 
the late Permian Emeishan large igneous province covered the 
western margin of the Yangzte unit and the Tibetan Plateau 
(Shellnutt, 2014). Along the Kungdian High and in underlying 
parts of the Chuxiong Basin, however, the Permian Emeishan 
basalt is missing because of erosion prior to deposition of 
Upper Triassic strata (Burchfiel and Zhiliang, 2013). The crest 
of the Kungdian High is overlain by Upper Triassic conglom-
erate and coarse-grained sandstone.

Late Mesozoic and Cenozoic faults and folds in the 
Chuxiong Basin form an arcuate pattern that suggests folding 
in the basin is related to the major thrust fault along the west 
side (Burchfiel and Zhiliang, 2013). In the northern part of the 
basin, structures are oriented north-south and extend across 
the basin margin, dividing the basin margin and the area north 
of the basin into areas of thick sedimentary rocks separated 
by uplifts of Precambrian basement rocks. To the south, the 
structures trend southeastward. The distribution of structures 
within western and central parts of the basin is consistent with 
a décollement-style fold and thrust belt that included basement 
rocks in the north and northeastern parts of the basin. The 
Paleogene–Neogene structures in the Chuxiong Basin may be 
related to the same deformational processes that formed the 
Cenozoic Longmen Shan thrust belt.
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Stratigraphy

The basin contains a thick section (about 10 km) of 
Middle Triassic to Paleogene dominantly nonmarine red beds 
(table 2-14; Burchfiel and Zhiliang, 2013). Stratigraphic unit 
names of the Chuxiong Basin are different for eastern and 
western flanks of the basin, which lie on either side of the 
Kungdian High and within different provinces. Nevertheless, 
the overall sequence is similar. The section begins with Middle 
Triassic limestone or Upper Triassic nonmarine basal sand-
stone and conglomerate. These rocks are overlain by Upper 
Triassic marine rocks then by Upper Triassic nonmarine strata 
with coal beds. The rest of the section, from Upper Triassic to 
Late Cretaceous, consists of nonmarine sandstone, mudstone, 
shale, and conglomerate, with some lacustrine limestone 
and minor halite or gypsum in Jiangdihe, which correlate 
with Xiaoba rocks (table 2-14). The Upper Triassic strata are 
largely pale brown and tan, but Jurassic and Cretaceous rocks 
are red and maroon (Yano and others, 1994; Burchfiel and 
Zhiliang, 2013).

The late Permian Emeishan large igneous province cov-
ers the western margin of the Yangtze structural unit and the 
Tibetan Plateau and underlies the Chuxiong Basin (Zhang and 
others, 1990; Shellnutt, 2014). The thickness of the continental 
flood basalts decreases from west to east and north to south in 
the Chuxiong Basin area. In the west, the basalts are 2 to 3 km 
thick but are only 0.7 to 1 km thick in the east (Zhang and oth-
ers, 1990). These mafic rocks are a potential source of copper 
for the sandstone-copper deposits in the Chuxiong Basin.

Deposits and Occurrences

Twelve deposits are reported for the Chuxiong Basin (fig. 
2-48, table 2-15). The Liuju, Dacun, Moudin, Datongchang, 
and Haojiahe deposits are the largest in the Chuxiong Basin, 
each containing more than 10 million metric tons of ore 
with copper grades between 1.1 and 1.8 percent (table 2-15). 
Ore minerals include bornite, chalcocite, and chalcopyrite 
(Kirkham and others, 2003; Kamitani and others, 2007).

Most of the sandstone-copper deposits and occurrences 
are found in coarse-grained clastic rocks of the Upper Cre-
taceous Matoushan Formation in the northwestern part of 
the basin and correlative rocks of the Xiaoba Formation in 
the northeast (fig. 2-47; Chen, 1988; Editorial Committee of 
the Mineral Deposits of China, 1990; Qin and others, 1993; 
Zhuang and others, 1996; Chen and others, 2000; Chen and 
Xia, 2005; Chen, 2012). Minor occurrences of copper min-
eralization are noted throughout the underlying Jurassic and 
Lower Cretaceous sedimentary units in the Chuxiong Basin 
(Li and others, 1968; Chen, 1988).

The limited information on sediment-hosted strat-
abound copper deposits in the Chuxiong Basin suggests the 
deposits are the sandstone-copper subtype. The available 
literature makes no mention of sulfide minerals replac-
ing wood or carbonized plant matter in these deposits. 

Sandstone-copper-subtype deposits occur where migrating 
oxidized, metal-bearing brines mix and react with accu-
mulations of mobile hydrocarbons, such as oil and gas (for 
example, Hayes and others, 2012). Evidence for a mobile 
hydrocarbon reductant at the Haojiahe deposit is supported 
by the following statement by Qin and others (1993): “there 
commonly exist postdepositional veinlike, spotted, and cloud 
dry asphalt, with organic carbon showing positive correlation 
with Cu and Au content.” Sandstone-type copper deposits may 
be localized near structural traps, where hydrocarbons can 
accumulate. The Haojiahe, Datongchang, and Liuju deposits 
(also known as Luzhou or Liu Zu) are localized near the crest 
or along the flanks of anticlines (fig. 2-49A; Qin and others, 
1993; Chen and Xia, 2005; Chen, 2012). Stacked ore bod-
ies, also characteristic of sandstone-type mineralization, are 
described at Datongchang (Chen, 1988). At Haojiahe and 
Liuju, the presence of bleached red beds and zoned ore and 
gangue minerals is consistent with sandstone-type mineral-
ization (fig. 2-49B; Chen, 1988; Editorial Committee of the 
Mineral Deposits of China, 1990; Qin and others, 1993; Chen 
and Xia, 2005).

Mineral System Components

A basalt and red-bed copper source, evaporite-bearing 
seal rocks, and sour gas were components of the Chuxiong 
Basin mineralizing system. Permian continental flood basalt of 
the Emeishan Formation was likely the original copper source. 
Downsection from stratabound copper deposits are red beds 
widely believed to be the immediate sources of copper in the 
deposits (see Hitzman, 2000, for example). Evaporite-bearing 
rocks underlying the copper-bearing rock units are not present; 
however, evaporite-bearing rocks are found in the overlying 
Upper Cretaceous Zaojiadian and correlative Upper Jiangdihe 
Formations in Yunnan and the Upper Xiaoba Formation in 
Sichuan (Chen, 1988). The rock units with evaporite minerals 
(fig. 2-47) may have served as a seal that prevented fluids from 
ascending further up the stratigraphy. Compaction by sedi-
ment overburden likely caused ascent of mineralizing fluids 
through pre-existing faults (Chen and others, 2000). The major 
reductant may have been a form of petroleum, most likely 
sour gas trapped in the host sandstones. Triassic coal beds in 
Yunnan (Zhuang and others, 1996), and the lateral equiva-
lents in Sichuan, are good candidates for gas source rocks. A 
definitive containment structure could not be determined for 
the Chuxiong Basin. The existence of the Kungdian High may 
explain why deposits are clustered, because highs can focus 
mineralization.

As with most sediment-hosted stratabound copper sys-
tems, red beds are abundant within the Chuxiong Basin copper 
mineralizing system. All Jurassic and Cretaceous formations 
of the Chuxiong Basin contain some red beds (fig. 2-47; Li 
and others, 1968; Chen, 1988). Red beds, bleached by migrat-
ing or trapped petroliferous fluids, can become host rocks for 
sandstone-copper deposits (Thorson and MacIntyre, 2005).
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Name Latitude Longitude
Major  

commodities
Ore  

minerals
Resources 
(unmined)

Citation

Dacun 26.050 101.333 Cu, Ag, Pb, 
Zn, Mo, 
Se, U

Cc, Bn 12.8 Mt at 
1.8 % Cu

Chen (1988); Bureau of Geology and Mineral  
Resources of Sichuan Province (1991); Kirkham and 
others (1994); Zhang (1996); Cox and others (2003); 
Kirkham and others (2003); Kamitani and others 
(2007) 

Datongchang 26.504 102.226 Cu Cc, Ccp, 
Mo, 
Az

14.8 Mt at 
1.2 % Cu

Chen (1988); Bureau of Geology and Mineral  
Resources of Yunnan Province (1990); Kirkham and 
others (1994); Zhang (1996); Cox and others (2003); 
Kirkham and others (2003); Yi-Ming and Wu (2006); 
Kamitani and others (2007); Yan and others (2010) 

Geyiza 25.260 101.631 Cu — 3.1 Mt at 1.0 
% Cu

Bureau of Geology and Mineral Resources of Sichuan 
Province (1991); Kirkham and others (1994); Cox 
and others (2003); Kirkham and others (2003); Yi-
Ming and Wu (2006); Yan and others (2010) 

Haojiahe 25.380 101.610 Cu — 14.1 Mt at 
1.1 % Cu

Chen (1988); Bureau of Geology and Mineral Re-
sources of Sichuan Province (1991); Kirkham and 
others (1994); Cox and others (2003); Kirkham and 
others (2003); Yi-Ming and Wu (2006); Yan and 
others (2010)

Laoqingshan 25.191 101.727 Cu — 1.4 Mt at 1.2 
% Cu

Chen (1988); Bureau of Geology and Mineral  
Resources of Sichuan Province (1991); Kirkham 
and others (1994); Cox and others (2003); Kirkham 
and others (2003); Yi-Ming and Wu (2006); Yan and 
others (2010) 

Liuju 25.913 101.354 Cu Bn, Cc, 
Ccp

31.0 Mt at 
1.3 % Cu

Chen (1988); Bureau of Geology and Mineral  
Resources of Sichuan Province (1991); Kirkham 
and others (1994); Chen and others (2000); Cox and 
others (2003); Kirkham and others (2003); Chen and 
Xia (2005); Yi-Ming and Wu (2006); Kamitani and 
others (2007) 

Moboliangzi 26.019 101.272 Cu — 1.0 Mt at 
0.92 % Cu

Yan and others (2010)

Moudin 25.400 101.633 Cu Cc, Mal 14.4 Mt at 
1.3 % Cu

Zhang (1996); Bureau of Geology and Mineral  
Resources of Sichuan Province (1991); Kamitani 
and others (2007) 

Qingshuihe 25.360 101.591 Cu — 1.0 Mt at 
1.62 % Cu

Bureau of Geology and Mineral Resources of Sichuan 
Province (1991); Kirkham and others (2003); Yi-
Ming and Wu (2006); Yan and others (2010) 

Shimenkan 25.830 101.390 Cu — 1.0 Mt at 1.1 
% Cu

Yi-Ming and Wu (2006); Yan and others (2010);  
Bureau of Geology and Mineral Resources of  
Sichuan Province (1991); Kirkham and others (2003)

Tongchangjing 25.494 101.572 Cu, Ag, Pb, 
Zn, Mo, 
Se, U

— 452,000 t at 
1.5 % Cu

Chen (1988); Bureau of Geology and Mineral  
Resources of Sichuan Province (1991); Kirkham and 
others (1994); Cox and others (2003); Kirkham and 
others (2003); Yan and others (2010) 

Xiwangmiao 25.253 101.730 Cu — 886,000 t at 
1.0 % Cu

Bureau of Geology and Mineral Resources of Sichuan 
Province (1991); Kirkham and others (2003); Yi-
Ming and Wu (2006); Yan and others (2010) 

Table 2-15.  Sediment-hosted stratabound copper deposits within the Matoushan Formation, and lateral equivalents, of the Chuxiong 
Basin.

[Abbreviation of mineral names: Az, azurite; Bn, bornite; Cc, chalcocite; Ccp, chalcopyrite; Mal, malachite; Mo, molybdenite. Mt, million metric tons; t, metric 
tons; %, percent; —, no data]
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Figure 2-48.  Map showing the Chuxiong Basin, Cretaceous rocks permissive for sediment-hosted copper 
mineralization, and sediment-hosted copper deposits and occurrences. The Chuxiong Basin is truncated to the 
southwest by the Ailao Shan-Red River Shear Zone. Cretaceous rocks from Bureau of Geology and Mineral Resources of 
Yunnan Province, (1990) and Bureau of Geology and Mineral Resources of Sichuan Province (1991). Basin extent modified 
from Chen and others (2000) and Fugro Data Services AG (2005).
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Principal Sources of Information

A 1:5,000,000-scale mineral resource map (Zhao and Wu, 
2006) and two 1:1,000,000-scale geologic maps of the Yun-
nan and Sichuan Provinces (Bureau of Geology and Mineral 
Resources of Yunnan Province, 1990; Bureau of Geology 
and Mineral Resources of Sichuan Province, 1991) provided 
much of the geologic and mineral resource information for 
this assessment. World mineral deposit databases from the 
USGS (Cox and others, 2003) and Geologic Survey of Canada 
(Kirkham and others, 1994; Kirkham and others, 2003) also 
provided a substantial amount of information on mineral 
deposit and occurrence sites as well as reports on the geol-
ogy and mineral deposits of the Chuxiong Basin cited in table 
2-15.

Salta Rift System, Argentina—
Assessment Tract 005ssCu5101

Sedimentary rocks of the Lower Cretaceous to Paleocene 
Pirgua and Balbuena Subgroups of the Salta Group in the Salta 
Rift System of northwestern Argentina host stratabound sand-
stone-copper mineralization. The Salta Rift System extends for 
640 km southward from the northern border of Argentina and 
covers an area of approximately 118,000 km2 (fig. 2-50). The 
rift system hosts 2 copper deposits, 4 occurrences, and 14 sites 
(fig. 1-12).

Tectonic Setting

The Salta Rift System is one of a series of rifts that devel-
oped during the Late Jurassic to Early Cretaceous coincident 
with the opening of the proto-Atlantic Ocean and the breakup 
of western Gondwana (fig. 2-50; Ramos and Aleman, 2000; 
Durieux and Brown, 2007). In the Maastrichtian stage, subsid-
ence spurred the beginning of a sag phase, which continued 
into the late Eocene (Comínguez and Ramos, 1995). Also dur-
ing the Maastrichtian stage, sea level rise resulted in a marine 
transgression that flooded southern South America (Marquillas 
and Salfity, 1988; Marquillas and others, 2005). The Andean 
late-Eocene- to early-Oligocene-Inca compressional event 
subducted the Farallon plate under the South American plate 
and inverted the Salta Basin. From the early Miocene to the 
Pleistocene, complex folding and faulting (the Quechua and 
Diaguita disturbances) deformed the rift zone (Comínguez and 
Ramos, 1995; Durieux and Brown, 2007; Monaldi and others, 
2008).

Stratigraphy

The stratigraphy of the Cretaceous to Eocene Salta Group 
varies greatly between the troughs that make up the Salta Rift 
System (figs. 2-51 and 2-52; Marquillas and Salfity, 1988). 

The area is characterized by topographic highs and lows. The 
lows, or subbasins, generally surround a centrally located 
high, known as the Salta-Jujuy High (fig. 2-51; Durieux and 
Brown, 2007). Sedimentation began in the Early Cretaceous as 
synrift red-bed sedimentary deposits with minor basalts, con-
tinued into the Late Cretaceous with postrift carbonates and 
clastic sediments, and extended into the Paleocene–Eocene 
with fluvial-lacustrine sediments (Durieux and Brown, 2007). 
Igneous rocks are mapped in the red-bed sequences in two of 
the subbasins—the Isonza Basalt in the Alemania Subbasin 
and the Las Conchas Basalt in the Alemania and Metan Sub-
basins. These rocks are time correlative with Paraná Volcanic 
Province magmatism but are derived from different source 
regions and by different processes (Viramonte and others, 
1999).

The Salta Group is subdivided into three subgroups: 
the Lower and Upper Cretaceous Pirgua Subgroup, the 
Upper Cretaceous to Paleocene Balbuena Subgroup, and the 
Paleocene to Eocene Santa Bárbara Subgroup (fig. 2-53). 
Sediment-hosted copper mineralization is found in the Pirgua 
and lower Balbuena Subgroups (Durieux and Brown, 2007; 
Garkus, 2010). The Lower Cretaceous Pirgua Subgroup was 
deposited during the rifting stage of the Salta Rift System. 
Thickness of this unit varies widely across the rift system 
with the thickest areas as much as 4,000 m in some subbasins 
(fig. 2-52; Marquillas and others, 2005). The Pirgua Subgroup 
is composed of reddish conglomerate, sandstone, and shale 
rock units from alluvial fan, fluvial, eolian, and lacustrine 
depositional environments with intercalated basalts and tra-
chytes (fig. 2-53; Marquillas and others, 2005; Monaldi and 
others, 2008).

The Balbuena Subgroup was deposited early postrift, 
beginning in Maastrichtian time, and is generally 400–500 
m thick (fig. 2-53; Marquillas and others, 2005). This unit is 
more laterally consistent across the Salta Rift System than 
the Pirgua Subgroup (fig. 2-52; Marquillas and Salfity, 1988). 
The Balbuena Subgroup comprises the lower carbonaceous 
sandstone Lecho Formation, the middle limestone Yacoraite 
Formation, and at the top the Olmedo/Tunal Formations that 
consist mainly of gray to black shale with minor siltstone, 
limestone, and evaporite minerals (Marquillas and others, 
2005). The Yacoraite Formation can be correlated with the 
limestone of the Totola Formation, found in the Atacama 
Basin, to the west of the Salta Rift System (figs. 2-51 and 
2-52; Mpodozis and others, 2005).

At the top of the Salta Group is the Santa Bárbara 
Subgroup, which developed in the late postrift stage. This 
subgroup is typically 700–900 m thick, and is composed of 
sandstone, siltstone, and mudstone (fig. 2-53; Marquillas and 
others, 2005).

Deposits and Occurrences

The Salta Rift System contains 2 deposits, 4 occur-
rences, and 14 sites (fig. 2-51; table 2-16). The Leon deposit 
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(formerly Juramento) contains a reported 6.66 million metric 
tons of resources at 0.62 percent copper and 17.98 grams per 
ton of silver (table 2-16; Alexander Mining plc, 2007). The 
Leon deposit, which has had several phases of exploration 
and assessment, is located approximately 55 km southeast 
of the city of Salta (fig. 2-51; Alexander Mining plc, 2005; 
Durieux and Brown, 2007). Mineralization is hosted mainly 
in the carbonate-siltstone Yacoraite Formation of the Bal-
buena Subgroup with minor amounts also found in the sub-
jacent upper Lecho Formation (figs. 2-54 and 2-55; Durieux 
and Brown, 2007). The Martín Bronce deposit is located 
approximately 130 km northeast of the city of Salta (fig. 2-51; 
Instituto de Geología y Minería, Universidad Nacional de 
Jujuy, 1996). The Martín Bronce deposit has an estimated 5.6 
million metric tons of resources at 3.0 percent copper and is 
hosted in conglomerate and sandstone rock units (table 2-16; 
Garkus, 2010). According to Garkus (2010), the deposit is 
hosted in the Pirgua Subgroup, whereas Avila (1999) places 
the deposit in the Lecho Formation of the Balbuena Sub-
group. The Punilla occurrence is a past producer (about 1942) 
that produced 3 metric tons of ore with copper grades of 
approximately 10–15 percent (fig. 2-51; Angelelli, 1984; U.S. 
Geological Survey, 2010).

Mineral System Components

Copper source rocks, fluid conduits, and overlying con-
fining beds were crucial components for this sediment-hosted 
stratabound copper mineralizing system. In the Salta Rift 
System, red beds of the Pirgua Subgroup are likely the pre-ore 
copper source rocks (Durieux and Brown, 2007). The Salta 
Rift System experienced pervasive folding and faulting, which 
can form pathways for mobile groundwater. The overlying 
shale and evaporite minerals of the Tertiary Olmedo/Tunal 
Formation may have contributed to sealing in the ascending 
fluids, thereby retaining them in mineralizing system. Oxidiz-
ing brines, using faults and deformed pathways, could have 
leached the copper from the source rocks up into the overlying 
Lecho and Yacoraite Formations. Above the Lecho and Yaco-
raite Formations lay the shales of the Almedo/Tunal Formation 
that are also rich in anhydrite and halite, making it a potential 
seal for the ascending mineral-rich fluids.

The Leon and Martín Bronce deposits are most likely 
sandstone-copper-subtype deposits. Localization of ore sulfide 
minerals in former pores within the Lecho sandstone together 
with the observations that (1) the Yacoraite mineralized car-
bonate rocks are grainstones, and (2) there is an abundance of 
pyrobitumons in the Leon deposit (Durieux and Brown, 2007) 
leads to the interpretation that this mineralization is sandstone 
subtype at the site of a former petroleum reservoir. Sour gas 
was, therefore, the likely hydrogen sulfide source and reduc-
tant. The Martín Bronce deposit is within the Salta Group (fig. 
2-51), like Leon, but the mineral precipitation process is not 
wholly understood, as Avila (1999) states that neither pelitic 
materials nor a reducing environment were found at the site. 
Nonetheless, sandstone-copper subtype is the likely subtype 
based on available geologic information.

Principal Sources of Information

A 2,500,000-scale geologic map of Argentina from the 
Geological and Mining Service of Argentina (SEGEMAR) 
(Lizuain and others, 1997), a 750,000-scale mineral deposit 
map from the Argentinian Ministry of Economy (Ricci, 1973), 
and 500,000-scale provincial maps of Salta and Jujuy (Insti-
tuto de Geología y Minería - Universidad Nacional de Jujuy, 
1996; Salfity and others, 1998) provided geologic and mineral 
resource information for this assessment. Mineral deposit 
localities are derived from multiple sources including Kirkham 
and others (1994), Kirkham and others (2003), U.S. Geologi-
cal Survey (2010), and a publication on mineral resources of 
Argentina by SEGEMAR (Avila, 1999; Peral and Wormald, 
1999). Company reports from Alexander Mining plc and AMA 
Resources (Alexander Mining plc, 2005; Alexander Mining 
plc, 2007; Garkus, 2010) provided detailed information on the 
two deposits located in the rift system.

Conclusions
Geologic information needed to qualitatively assess 

sediment-hosted stratabound copper potential in several areas 
of the world is presented in this chapter. These compilations 

Name Latitude Longitude Ore minerals
Major  

commodities
Resources 
(unmined)

Citation

Leon (formerly 
Juramento)

–25.217 –65.117 Cc, Dg, Bn, 
Ccp

Cu, Ag, As 6.66 Mt at 0.62 
% Cu and 
17.98 g/t Ag

Peral and Wormald (1999); Alexander Mining 
plc (2005); Alexander Mining plc (2007)

Martín Bronce –24.003 –64.409 Mal, Az, Cc Cu, Ag, Au 5.60 Mt at 3.0 
% Cu

Kirkham and others (1994); Instituto de  
Geología y Minería - Universidad Nacional 
de Jujuy (1996); Avila (1999); Garkus (2010)

Table 2-16.  Sediment-hosted stratabound copper deposits within the Salta Rift System, Argentina.

[Abbreviation of mineral names: Az, Azurite; Bn, bornite; Cc, chalcocite; Ccp, chalcopyrite; Dg, digenite; Mal, malachite. g/t, grams per metric ton; Mt, million 
metric tons; %, percent]
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were initially used to evaluate the quality of the information 
available and decide how to proceed with the assessment pro-
cess as part of the USGS Global Mineral Resource Assessment 
Project. Depending on the quality of the data, we proceeded 
with either a quantitative assessment using the USGS three-
part method or a qualitative assessment. If only limited data 
were available, the qualitative method was selected. These 
geologic summaries of the 10 areas permissive for sediment-
hosted copper-mineralization in chapter 2 provide the founda-
tion for the qualitative assessment using the analytic hierarchy 
process (AHP) described in chapter 1.

Mineral-system components for sediment-hosted copper 
deposits, as outlined by a diagenetic process model, were used 
to guide the collection of geologic information. This structured 
outline focused us on the essential ore-forming components of 
the model and their proxies. Essential mineral system com-
ponents include a metal source, a chlorine-rich oxidized brine 
that can carry copper and silver in solution, fluid pathways, 
and traps that cause mineral precipitation from the brine. 
Evidence for these components or their proxies was found in 
stratigraphic columns, cross sections, geologic maps, geologic 
basin histories, and descriptions of deposits and occurrences. 
By collecting the same essential geologic information for each 
permissive area, economic geologists were able to compara-
tively assess and rank the areas.

A process-based approach that defines what is important 
to observe provides an advantage that comes with some draw-
backs. It can clarify and streamline thinking but at the same 
time narrows the scope of our observations. Two processes of 
ore formation, syngenesis and diagenesis, have been debated 
for sediment-hosted stratabound ore deposits. Literature that 
is focused on syngenesis does not include observations that 
support diagenesis and, conversely, literature that is focused 
on diagnesesis does not include observations that support 
syngenesis. Factual data needed for this compilation was often 
absent because of differing theoretical viewpoints held by 
researchers.

Finding a representative proxy for the presence of an 
oxidized fluid was challenging. We used the presence of 
sediment-hosted copper deposits and occurrences as evidence 
for an oxidized fluid but an independent proxy of the feature 
we are trying to predict would have made for a more robust 
analysis. The model we used did not distinguish whether sub-
surface, chlorine-rich brines formed from evaporated seawater 
or from halite dissolution. Also, the model assumes copper 
can be leached from hematite in red beds; this hypothesis has 
not been rigorously evaluated using field data. In hindsight, 
different system models for reduced-facies and sandstone-type 
mineralization would have highlighted geologic nuances that 
significantly affect prospectivity of the deposits. These com-
plications listed do not negate the work presented here, but 
outline areas for improvement in future research.

When applying our mineral systems model to evalu-
ate mineral potential, we found disparities in what the model 
would predict and what was actually present. In some areas 
such as in the Maritimes Basin, all mineral system components 

were present but no appreciable ore has been identified. 
Conversely, some basins with significant sediment-hosted 
stratabound copper deposits lacked evidence for one or more 
essential components, as with the Belt-Purcell Basin, where 
the evaporite source is not certain. This clearly indicates that 
the mineral systems model needs to be refined.

Availability of relevant information varied widely and 
posed a difficulty to the assessment process. For example, 
only publications with basic geologic information were readily 
available for the Dongchuan Group Rocks. Alternately, data 
for the Neuquén Basin was ample, including a set of metal-
logenic maps of Mendoza and Neuquén that show the loca-
tion of mineral sites, the site names, and the principal mineral 
commodity information that was key to understanding the 
mineralizing system. Most of the literature is focused on the 
geology of deposits and not the larger mineralizing systems in 
which they occur.

Although available geologic information for each assess-
ment area varied in amount and quality, the focus on compil-
ing data to address the essential mineral-system components 
provided an effective basis for applying the AHP. For example, 
more detailed cross sections and more specific information on 
tectonic setting were available for the Belt-Purcell Basin in 
Canada and the United States compared with the data for the 
Dongchuan Group rocks in China. Nonetheless, the Dongch-
uan Group rocks were ranked above the Belt-Purcell Basin in 
the AHP (indicating higher potential to contain undiscovered 
copper deposits) largely because the ore grade and deposit 
subtype are more favorable.

The approach of identifying and documenting essential 
mineral-system components used here can be adapted to other 
deposit types as a basis for either qualitative or quantitative 
assessments; however, we recommend adjusting the mineral-
systems approach as outlined in this section. Our study dem-
onstrates the utility of focusing on mineral system components 
as well as providing a consistent knowledge base for assess-
ment of sediment-hosted stratabound copper mineralization. 
Furthermore, identification of missing data about the mineral-
system components can guide future research.
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Appendix A.  Description of GIS Files

By Heather L. Parks and Michael L. Zientek

Two Esri shapefiles (.shp), two extensible markup 
language files (.xml), and an Excel spreadsheet (.xlsx) are 
included with this report. These files may be downloaded from 
the USGS Web site as zipped file sir20105090y_gis.zip.

GMRA_SSCqual_pts.shp is a point shapefile that repre-
sents the locations for known deposits, occurrences, and sites. 
For this report, deposits are defined as sediment-hosted strat-
abound copper localities with identified resources that have a 
defined tonnage and copper grade, occurrences are sediment-
hosted stratabound copper localities with no known tonnage or 
grade, and sites are copper localities with an unknown deposit 
type and development status. The deposits and occurrences 

are shown in figures 1-3–1-12 in this report, and the deposits 
are listed in tables in chapter 2. Attribute table fields include 
the permissive tract in which the site is located, site name and 
alternate names, site status, location information, commodi-
ties, source rock information, mineralogy, grade and tonnage 
information, comments, short references, and other miscel-
laneous descriptive information. The “Tract_name” field cor-
relates to the assessed areas discussed in this report. Attributes 
are defined in the accompanying metadata (GMRA_SSCqual_
pts_metadata.xml) and in table A1.

GMRA_SSCqual_tracts.shp is a polygon shapefile that 
represents areas permissive for sediment-hosted stratabound 

Field name Description

Tract_name Name of permissive tract in which site is located. Same as “Tract_name” field in the GMRA_SSCqual_tracts.shp shape-
file

Tract_ID Identification number for permissive tract in which site is located
Name Name of site
Name_other Other names used for the site
SiteStatus Status of site: “deposits” are sediment-hosted copper localities with reported mineral inventory or past production,  

“occurrences” are sediment-hosted copper localities with no reported inventory, and “sites” occur in sedimentary rock, 
but have an unknown deposit type

SiteStat2 Additional comments on the status of the site
Country Country in which the site is located
State_Prov State or province in which the site is located
Latitude Latitude in decimal degrees. –90.000 to 90.000. Negative south of the equator
Longitude Longitude in decimal degrees. –180.000 to 180.000. Negative west of the Greenwich meridian
Comm_major Major commodities, in decreasing order of economic importance
Comm_minor Minor commodities, in decreasing order of economic importance
Age_host Age of host rock, in standard divisions of geologic time
HostRocks Simplified lithologic description of host rocks
GeolProv Geologic province in which site is located
Unit Geologic unit in which site is located
Footwall Lithology of footwall rocks
Hangwall Lithology of hanging wall rocks
Mineralogy Ore and gangue minerals in approximate order of abundance
Type Mineral deposit type
Subtype Sediment-hosted copper subtype
Tonnage_Mt Ore tonnage, in millions of metric tons, -9999 indicates no data
Cu_pct Average copper grade, in weight percent, -9999 indicates no data
Con_Cu_Mt Contained copper, in million metric tons, -9999 indicates no data
Comments Miscellaneous comments about the site
Size Descriptive term for the size of the site as described in source document
Ref_short Short reference; abbreviated citation for reference; full reference is provided in accompanying “GIS references.xlsx” file

Table A1.  Definitions of GMRA_SSCqual_pts.shp attribute table fields.



copper deposits. These areas, or “permissive tracts,” represent 
either the areal extent or surface projection of rocks down to 
a specified depth where undiscovered mineral resources could 
be present. Information on permissive tract delineation is 
discussed in the “Permissive Tract Delineation” section of the 
main text. The permissive tracts are shown in figures 1-3–1-12 
of this report. Attributes include the permissive tract name, 
location information, deposit type, general geology of the per-
missive rocks, age, and other miscellaneous descriptive infor-
mation. These areas have been qualitatively assessed; there-
fore, the assessment result fields in the attribute table show 0 
or “Not assessed” values. Each permissive tract correlates to 

an assessed area discussed in this report. Attributes are defined 
in the accompanying metadata (GMRA_SSCqual_tracts_meta-
data.xml) and in table A2.

GMRA_SSCqual_pts_metadata.xml and GMRA_
SSCqual_tracts_metadata.xml contain the metadata for the 
GMRA_SSCqual_pts.shp and GMRA_SSCqual_tracts.shp 
shapefiles, respectively.

GIS references.xlsx is an excel spreadsheet that con-
tains the full references for the GMRA_SSCqual_pts.shp 
file. The short references listed in the “Short_ref” field in the 
GMRA_SSCqual_pts.shp file correlate to the “Short refer-
ence” column in the GIS references.xlsx spreadsheet.

Field name Description

Tract_ID Identification number for permissive tract
Tract_name Name of permissive tract. Same as “Tract_name” field in the GMRA_SSCqual_pts.shp shapefile
Unregcode Three digit UN code for the region that underlies most of the permissive tract
Country Country(ies) in which the permissive tract is located
Commodity Primary commodity being assessed
Dep_type Name of the deposit type assessed
GT_model Grade-tonnage model used for the undiscovered deposit estimate
Geology Geologic feature assessed
Age Age of the assessed geologic feature
Asmt_date Year assessment was conducted
Asmt_depth Maximum depth beneath the Earth's surface used for the assessment, in kilometers
Est_levels The set of percentile (probability) levels at which undiscovered deposit estimates were made
N90 Estimated number of deposits associated with the 90th percentile (90 percent chance of at least the 

indicated number of deposits)
N50 Estimated number of deposits associated with the 50th percentile (50 percent chance of at least the 

indicated number of deposits)
N10 Estimated number of deposits associated with the 10th percentile (10 percent chance of at least the 

indicated number of deposits)
N05 Estimated number of deposits associated with the 5th percentile (5 percent chance of at least the 

indicated number of deposits)
N01 Estimated number of deposits associated with the 1st percentile (1 percent chance of at least the 

indicated number of deposits)
N_Expected Expected (mean) number of deposits. N_Expected = (0.233*N90) + (0.4*N50) + (0.225*N10) + 

(0.045*N05) + (0.03*N01)
s Standard deviation. s = 0.121 - (0.237*N90) - (0.093*N50) + (0.183*N10) + (0.073*N05) + 

(0.123*N01)
Cv_percent Coefficient of variance, in percent. Cv = (s/N_Expected) * 100
N_known Number of known deposits in the tract
N_total Total number of deposits. N_total = N_Expected + N_Known
Area_km2 Area of permissive tract, in square kilometers
DepDensity Deposit density (total number of deposits per square kilometer). DepDensity = N_total/Area_km2
DepDen10E5 Deposit density per 100,000 square kilometers. DepDen10E5 = DepDensity*100,000
Estimators Names of people on the estimation team

Table A2.  Definitions of GMRA_SSCqual_tracts.shp attribute table fields.
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Input used for the analytic hierarchy process (AHP; 
Saaty, 1980, 1990) analysis of the 10 worldwide sediment-
hosted stratabound copper mineralized areas is included with 
this report as an Excel workbook. AHP Input.xlsx has mul-
tiple tabs reflecting hierarchy order with numerous tables in 
each worksheet. Both pairwise and direct rating methods were 
used to analyze the potential for undiscovered copper, thus 
two main types of inputs are within the tables—ratios and inte-
gers. Pairwise comparison involved each assessment area set 
opposite the other localities for one criterion (deposit subtype 
present for example). A rating (from one to nine) was chosen 
toward one assessment area or the other and then expressed as 
a ratio. In direct rating, predetermined numerical values were 
entered into the online software for each basin under each of 
the criteria.

For this analysis, we used MakeItRational1, an online 
AHP analysis tool (www.makeitrational.com). For those 
who anticipate using the MakeItRational software, note that 
a mathematical option was used to eliminate rank reversal. 
Other AHP analysis software services are available online.
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By Niki E. Wintzer and Michael L. Zientek

1Use of trade, product, or firm names is for descriptive purposes only and 
does not imply endorsement by the U.S. Government.



Appendix C.  Assessment Team    143

Appendix C.  Assessment Team
Deborah A. Briggs is a geographic information system 

(GIS) specialist with the USGS in Spokane, Washington. She 
earned a B.S. degree in Geotechnical Engineering from the 
University of Idaho and a GIS certificate from Eastern Wash-
ington University.

J. Douglas Causey is a (retired) economic geologist 
with the USGS in Spokane, Washington. He designed and 
provided project-specific mineral resource databases for this 
mineral resource assessment.

Shyla A. Hatch is a student at Eastern Washington 
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